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Abstract 
Solid state cooling and power generation based on thermoelectric principles are 
regarded as one of the technologies with the potential of solving the current energy crisis. 
Thermoelectric devices could be widely used in waste heat recovery, small scale power 
generation and refrigeration.  It has no moving parts and is environmental friendly. The 
limitation to its application is due to its low efficiency. Most of the current 
commercialized thermoelectric materials have figure of merit (ZT) around 1. To be 
comparable with kitchen refrigerator, ZT 3≈  is required at room temperature.  
Skutterudites have emerged as member of the novel materials, which potentially 
have a higher ZT. In the dissertation, my investigation will be focused on the 
optimization of CoSb3-based skutterudites.  
Starting with Co and Sb elements, CoSb3 will form through a high energy ball 
mill. Unfortunately, even after 20 hours, only a small percentage of the powders have 
transformed in into CoSb3. Then the powders will be compacted into bulk samples by 
DC-controlled hot press. CoSb3 single phase will form after press.  Characterization of 
the structure and thermoelectric properties will be presented with details. 
The effects of synthesis conditions on thermoelectric properties of skutterudites 
were studied and discussed. Several possible methods of improving the ZT of N type 
skutterudites were applied. The highest obtained ZT thus far is ~1.2 from Yb doped 
CoSb3.  For a group of samples with nominal composition YbxCo4Sb12, the increased Yb 
concentration in our samples not only enhanced the power factor due to electron doping 
effect but also decreased the thermal conductivity due to a stronger rattling effect. In 
addition, the increased grain boundary density per unit volume due to the small grains in 
our bulk skutterudite materials may have also helped to enhance the phonon scattering 
and thus to reduce the thermal conductivity. Single and double doping methods with 
different combinations were also tried. So far, none of them have surpassed ZT=1.2.  
Mixing different materials with Yb0.35Co4Sb12 so far to increase the phonon scattering 
was also performed. No dramatic thermal conductivity reduction was observed. Small 
amounts of Fe/Mn substitution on Co sites will decrease the power factor to undesired 
degrees. Some results with Nd filled P type sample will be briefly introduced. P type 
samples are also obtained through substitution on Sb site.  
Preliminary work on preparing the electrode for CoSb3 will be presented in the 
dissertation. CoSi2 has low resistivity, and a similar coefficient of thermal expansion 
(CTE) as of doped CoSb3. It is good electrode candidate. DC-controlled hot press is used 
to make the contact. Thermal stability of the contact was tested. Small cracks will form in 
the contact area, further improvement is necessary. 
Finally, my previous work on ZnO nanowire growth is briefly introduced. Large 
throughput of ZnO nanowire could be obtained with NaCl as the support to promote the 
conversion of Zn powder to ZnO. 
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Chapter 1  
Basic Principles of Thermoelectrics 
1.1 Introduction 
 Since around 1990, a dramatically increasing need for energy as fossil fuel 
supplies decreasing and a series of environmental problems like ozone depletion, 
greenhouse emissions have drawn broad societal concerns. These have led to renewed 
interest in science and technology in order to provide a sustainable supply of clean energy. 
Thermoelectric phenomena, which involve the conversion between thermal and electric 
energy, are considered have the potential in meeting the future energy challenge. 
 Thermoelectric devices are extremely simple, have no moving parts and use no 
green house gases. The major problem with thermoelectric devices is their poor 
efficiency. The efficiency of thermoelectric devices is fundamentally limited by the 
material’s properties. So far the best commercially available thermoelectric materials 
have ZT around 1. This is acceptable in certain applications, but to be economically 
competitive with the kitchen refrigerator, a thermoelectric refrigerator requires ZT ≈ 3 at 
room temperature [1].   
 Thermoelectric phenomena were first observed by Thomas Seebeck in 1821 [2]. 
In the following three decades from 1821 to 1851, thermoelectrics were understood 
macroscopically, and their applicability to power generation and refrigeration were 
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recognized. In the next 80 years, Altenkirch’s derivation of thermoelectric efficiency in 
1911 was the sole lasting contribution. From 1930s, the field of thermoelectrics advanced 
rapidly which led to microscopic understanding and developing of materials for almost 
two decades [3]. During the 1960s-1990s, thermoelectrics developed slowly and received 
little attention around the world. In the early 1990s, research opportunities were given to 
advance thermoelectric materials to the point that they could be more competitive in 
power generation and refrigeration applications from a performance point of view [4]. As 
a result, two different research approaches were taken for developing the next generation 
thermoelectric materials: new families of bulk thermoelectric materials and low-
dimensional thermoelectric materials systems.  
 The discovery of new bulk materials focused on “phonon-glass electron-single-
crystal (PGEC)”, first introduced by Slack and given in detail in his review [5]. PGEC 
materials would possess electronic properties associated with good semiconductor single 
crystals but would have thermal properties associated with amorphous materials. The key 
task of the PGEC approach is to generate solids that have very low thermal conductivity 
[3]. Representatives among them are skutterudites, clathindicate β-Zn4Sb3, half-Heusler 
intermetallic compounds, and complex chalcogenides. The low-dimensional 
thermoelectric concept falls into two strategies: the use of quantum-size effects to 
enhance the Seebeck coefficient (S) and to control S and the electrical conductivity (σ) 
somewhat independently [6, 7], and the use of numerous interfaces to scatter phonons 
more effectively than electrons and to scatter preferentially those phonons that contribute 
most strongly to the thermal conductivity [8]. Bi2Te3/Sb2Te3 superlattices (SL) and 
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PbTe/PbSeTe quantum dot superlattices (QDSL) have been reported to have tremendous 
ZT increasement [9, 10].  
 In this chapter, a brief review of thermoelectric phenomena and thermoelectric 
theory will be presented.  
1.2 Thermoelectric Phenomena 
 
1.2.1 Thermoelectric Coefficients 
 The Seebeck effect [2] is associated with the generation of a voltage along a 
conductor when it’s subject to a temperature difference. As shown in Fig. 1, two different 
conductors, a and b, have junctions at W and X. When there is a temperature difference 
between W and X, charged carriers (electrons or holes) diffuse from hot side to cold side, 
creating an internal electric field to oppose further diffusion. In an open circuit condition, 
Seebeck coefficient is defined as:  
ab
V
T
Δ
α =
Δ
           (1- 1) 
ΔV 
W X 
b 
a 
 
Fig. 1.1  Schematic basic thermocouple 
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The differential Seebeck ab a bα = α − α , where aα  and aα  are absolute Seebeck 
coefficient of conductor a  and b  respectively. 
 The Peltier effect [11] reflects that carriers can also carry heat when they flow 
through conductors. As shown in Fig. 1.2. 
 
W X 
b 
a 
q -q 
 
Fig. 1.2  Sketch showing the Peltier effect 
 
When a current flows through the circuit, a rate of heating q  occurs at one junction and a 
rate of cooling q− occurs at the other junction. The heat current is proportional to the 
current I : 
( )ab a bq I I= Π = Π − Π          (1- 2) 
 The proportionality constant is defined as the Peltier coefficient aΠ . Different 
from Joule heating, the Peltier effect is reversible and depends on the current direction.  
If current is flowing and there is a temperature gradient, there is also heat 
generation or absorption in the conductor. This is called the Thomson effect [12]. The 
gradient of the heat flux is given: 
 5
ab
dq dTI
dx dx
= τ            (1- 3) 
Where x  is a spatial coordinate, and τ  is Thomson coefficient.  
 The three coefficients are related to each other, and Kelvin [13] derived that: 
ab abTΠ = α           (1- 4) 
and 
ab
ab
dT
dT
α
τ =           (1- 5) 
 
1.2.2 Cooling, Power Generation and the Thermoelectric Figure of Merit 
 The basic component of a thermoelectric device is a TE couple that consists of a 
“p” branch with a positive Seebeck α  and an “n” branch with a negative α .Fig. 1.3 
shows one schematic TE couple.  The two branches are joined by a metal interconnect. 
The two legs are connected thermally in parallel and electrically in series. The total 
thermal conductance and electrical resistance are: 
p p n n
p n
k A k AK
L L
= +
                
p p n n
p n
L LR
A A
ρ ρ
= +
      (1- 6) 
Where k , L  and A  are the thermal conductivity, length and cross section of the legs. 
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Fig. 1.3  Schematic of TE couple (left for TE refrigerator and right for TE power 
generator) 
 
 The efficiency of the TE refrigerator can be expressed with the coefficient of 
performance φ  [3], which is defined as the ratio of the rate at which heat is extracted 
from the source to the rate of expenditure of electricity energy: 
21( )
2
[( ) ]
p n C
c
p n
IT K T I RQ
W I T IR
α − α − Δ −
φ = =
α − α Δ +        (1- 7) 
If there were no irreversible effects, φ equals to CT
TΔ
, the Carnot limit. For a given TΔ , φ  
depends on the current. By optimizing current, we could obtain either a maximum heat 
pump or maximum efficiency. The current which yields maximum heat pump also 
produces the maximum TΔ . The maximum φ  is:  
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max
1
1 1
H
C C
H C
TZT
T T
T T ZT
+ −
φ = •
− + +
        (1- 8) 
 Similarly in a thermoelectric power generation device, the efficiency [3] is 
defined as the rate of power delivered to the heat flow from the source to the sink: 
2
[( ) ]
1( )
2
p n
p n H
I T IRW
Q K T IT I R
α − α Δ −
η = =
Δ + α − α −
       (1- 9) 
And current can be tuned to get maximum power generation W  or maximum η . The 
maximum η  is: 
max
( 1 1)
1
H C
H
C
H
T T ZT
T
TZT
T
−
+ −
η =
+ +
         (1- 10) 
Where T is the average temperature, and Z is called the figure of merit: 
2
Z
RK
α
=           (1- 11) 
 The efficiency of a power generator as a function of the material’s dimensionless 
figure-of-merit for a range of operation temperature is shown in Fig.1.4. CT  is fixed to be 
50℃. Obviously, the higher the ZT , the higher the efficiency. As a ballpark figure a 
thermocouple with average ZT of 1 has conversion efficiency of ~25% at working 
temperature of 500 ℃.  
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Fig. 1.4  Efficiency of a power generator as a function of the material’s dimensionless 
figure-of-merit 
 
 For a thermocouple, Z is not fixed. It depends on the relative dimensions of the 
legs which minimize the RK . Figure of merit can be maximized as:  
2
1/2 1/2 2
( )
[( ) ( ) ]
p n
p p n n
Z
k k
α − α
=
ρ + ρ
        (1- 12) 
In selecting materials, one can maximize the Z in (1-12) by choosing the best p type and 
n type materials according to their individual z’s: 
 
2
z
k
α
=
ρ
           (1- 13) 
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1.3 Transport of Electron and Heat 
 
1.3.1 Boltzmann Equation  
 The distribution function of ( , , )f tk r  is introduced to describe the occupancy of 
allowed energy states. It may change due to a number of mechanisms: external fields, 
diffusion, and collision process. The rate of changing is given by: 
field diff coll
df f f f
dt t t t
∂ ∂ ∂     
= + +     ∂ ∂ ∂              (1- 14) 
In the steady state ( 0)df dt = . Substituting for the field and diffusion terms 
1
r k
coll
f f f
t
∂ 
− = ∇ + ∇ ∂  r k
 
          (1- 15) 
 In a non-equilibrium state, the lattice defects, phonons, and grain boundaries will 
scatter the electrons and force the distribution back to its equilibrium. At low 
temperatures, static impurities and defects will dominate the scattering. As temperature 
increases, the thermal vibration rises and the scattering of charge carriers become more 
marked. It’s assumed that the scattering can be described by a relaxation time τ . It’s 
defined as 
0
coll
f ff
t
−∂ 
= − ∂ τ            (1- 16) 
Where f is the non-equilibrium distribution and 0f  is the equilibrium distribution.  
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 In general, the relaxation time will depend on the energy of the carriers according 
to which scattering process is dominant. It is supposed that the energy dependence can be 
expressed in a power law form 
0E
λτ = τ           (1- 17) 
 
1.3.2 Electron Distribution  
 The equilibrium distribution of electrons is determined by the Fermi-Dirac 
function: 
0
1( )
exp[( ) / ] 1F B
f E
E E k T
=
− +
        (1- 18) 
It is the probability that a state at energy E contains an electron. FE  is called Fermi 
energy, which is strongly dependent on carrier concentration and weakly on temperature. 
Sometimes F
B
E E
k T
−ξ = is used and defined as the reduced energy. ( )f E is determined by : 
0
( ) ( )f E g E dE n
∞
=           (1- 19) 
( )g E  is the density of states per unit volume, and n  is the electron concentration.  
 
1.3.3 General Expressions for Thermoelectric Parameters  
 Suppose we are dealing with a simple condition: one carrier (electrons or holes) 
resides in a single band. The band is in parabolic form (
2 2
*8
h kE
m
=
π
).  
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 When an electric field and a temperature gradient are applied to a conductor, they 
will lead to flows of charge and of heat. It is assumed that the motion of electrons and 
phonons can be considered separately apart from the effects of electron-phonon and 
phonon-electron scattering. Thus, the electric field only alters the electron distribution. 
The temperature gradient changes both the electron and phonon distribution. But if only 
the electronic part of the thermal conductivity is in consideration, the effect on the 
phonon distribution can be ignored for the moment [3, 5, 14]. 
 Combining (1- 15) and (1- 16) we can obtain the departure of the electron 
distribution from the steady state from that which holds in the absence of a field or 
temperature gradient: 
0
r k
f f f f−− = ∇ + ∇
τ
r k
 
           (1- 20) 
 Assume the temperature gradient and electric field are small so that the deviation 
of distribution is small 0 0 0,f f f f f− ∇ = ∇ , and 0 00k k k
f ff f E
E E
∂ ∂∇ ≈ ∇ = ∇ =
∂ ∂
v  
then (1- 20) becomes: 
0 0
0 0 0( )r k r
f f ff f f q
E
− ∂
− = ∇ + ∇ = ∇ +
τ ∂

  
pv v E       (1- 21) 
q is e for electrons and –e for holes. 
 From electron distribution 0
1( )
exp[( ) / ] 1F B
f E
E E k T
=
− +
    
    (1- 18) 
 (1- 18), we get: 
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0 0 0 1
B
f df df
E d E d k
∂ ∂ξ
= =
∂ ξ ∂ ξ ； or    
0 0
B
df fk T
d E
∂
=ξ ∂       (1- 22) 
Then 
0 0
0r r B r
df ff k T
d E
∂∇ = ∇ ξ = ∇ ξξ ∂         (1- 23) 
 From the definition of reduced energy on chapter 1.2.3, and also ( ) 0r E k∇ =  on 
our assumed system, we know 
2 2
r r F F r F F
r r r
B B B B
E E E E E E ET T
k T k T k T k T
∇ − ∇ − ∇ −∇ ξ = − ∇ = − − ∇      (1- 24) 
From (1- 21), (1- 23) and (1- 24), we obtain  
0
0 ( )F r r
fE Ef f v T
T E
∂−
= − τ − ∇ − ∇ φ
∂
        (1- 25) 
Note that  
e F eE E q= −∇ϕ φ = + ϕ         (1- 26) 
Where eϕ  is the electrostatic potential, and φ  is the electrochemical potential that 
combines the chemical potential and electrostatic potential. The electrochemical potential 
is the driving force for current flow, which can be caused by either gradient in chemical 
potential (due to the gradient in carrier concentration, temperature) or the gradient in 
electrostatic potential (i.e. electric field). 
 Considering a simple situation, the field and temperature gradient lie along the x 
axis. There will be no flow of current when f  is equal to 0f . Further more, thermal 
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velocity greatly exceeds the drift velocity and is the same in all directions 
( 2 *
2
3
Ev
m
= ).The flows are: 
0
*
2( ) ( ) ( ) [ ( ) ]
3
F
x
f E Eq Tj qv f E g E dE g E E dE
m E x T x
∂ −∂φ ∂
= = τ +
∂ ∂ ∂     (1- 27) 
2 0
* 0
2( ) ( ) ( ) ( ) [ ( ) ]
3
F F
x F
fE E E Tw v E E f E g E dE j g E E dE
q m E x T x
∞ ∂ −∂φ ∂
= − = − + τ +
∂ ∂ ∂   (1- 28) 
Now, let the temperature gradient be zero. The electric field is ( ) / qx
∂φ
− ∂ , so the 
electrical conductivity is 
2
0
* 0
2 ( )
3
fq g E E dE
m E
∞ ∂
σ = − τ
∂         (1- 29) 
Alternately, let the electric current be zero, then equation (1-27) shows that: 
0 0
0
1( ) ( ) ( ) 0F
f fTg E E dE g E E E E dE
x E T x E
∞∂ ∂∂φ ∂
τ + τ − =
∂ ∂ ∂ ∂      (1- 30) 
Thus the Seebeck coefficient is:  
2
00
00
( ) ( )1
( ) ( )
F
g E E f E dEx E
q T x qT g E E f E dE
∞
∞
 τ ∂ ∂∂φ ∂  
α = = − ∂ ∂ τ ∂ ∂  

      (1- 31) 
The electric thermal conductivity is equal to the ratio ( )w T x− ∂ ∂  when the 
electric current is zero. Thus from (1- 28) and (1- 30), we get 
( )
( ) ( )
2
2
00 2
0* 0
00
( )2 ( )
3 ( )
e
g E E f E dE
k g E E f E dE
m T g E f E dE
∞
∞
∞
  τ ∂ ∂    
= − τ ∂ ∂ 
τ ∂ ∂   
    (1- 32) 
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When E is measured from the band edge for either electrons or holes, the density of states 
can be expressed as 
3/2
1/2
2 3
(2 )( )
2
mg E E
π
=   . Combining with the power form of relaxation 
time, the transport parameters can be expressed in terms of the integrals sK as: 
2
0
1 e K
T
σ = =
ρ
           (1- 33) 
1
0
1
F
KE
eT K
 
α = + −  
           (1- 34) 
And  
2
1
22
0
1
e
Kk K
T K
 
= −  
           (1- 35) 
Where sK  are defined as: 
( )3/2 1/2* 3/20 3/228 2 3 ( )3 2 s rs B s rK m T s r k T Fh + + + +
π    
= τ + +             (1- 36) 
00
( ) ( )nnF f d
∞ξ = ξ ξ ξ          (1- 37) 
The functions nF  are known as Fermi-Dirac integrals, here / BE k Tξ = . 
 The total thermal conductivity is the sum of lattice conductivity and the part from 
electron: 
L ek k k= +           (1- 38) 
It’s conventional to describe ek  in terms of Lorenz number L, defined as /ek Tσ . Then 
from (1-33) and (1-35), it can be expressed as: 
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2
1
2
0
2 2
0
1
KK
KL
e T K
 
−  =    
         (1- 39) 
 From these expressions, it’s quite clear that the figure of merit z  is function of a 
band parameter (effective mass *m ), a scattering parameter (relaxation time 0
rEτ ) and the 
Fermi energy FE . 
 
Nondegenerate semiconductors 
For nondegenerate semiconductors, when /F BE k T  <<0, that is the Fermi energy 
lies in the forbidden gap well away from the band edge. The Fermi-Dirac integrals 
become 
0
exp( ) exp( )nFn
B
EF d
K T
∞
= ξ −ξ ξ        (1- 40) 
And 
3/2
2 * 1/2 3/2
02
8 2 5( ) ( ) ( ) exp( )
3 2
r F
B
B
Ee m T k T r
h k T
+π  σ = τ Γ +       (1- 41) 
5( )
2
B F
B
k E r
e K T
 
α = + − +  
        (1- 42) 
2
( 5 / 2)kL r
e
 
= +            (1- 43) 
 
Degenerate semiconductors 
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 For degenerate conductors, when /F BE k T  >>0, this means that the Fermi level is 
well above the conduction band edge for electrons or well below the valence band edge 
for holes. The Fermi-Dirac integral is expressed as: 
1 2 4
1 3 7( ) ( 1)( 2) ...
1 6 360
n
n n
nF n n n nn
+
− −
ξ π πξ = + ξ + − − ξ +
+
     (1- 44) 
And by only employing the first term in the series,  
3/2
2 * 1/2 3/2
02
8 2 ( )
3
re m
h
+π  σ = τ ξ          (1- 45) 
2
3( )
2
3 /
B
F B
rk
e E k T
+
π
α = +          (1- 46) 
22
3
kL
e
π  
=              (1- 47) 
 
1.3.4 Electron Scattering Mechanism 
After we derive the formula for transport coefficients, the next step is to find 
suitable expressions for the relaxation time for various electrons (holes) processes. There 
are various types of mechanisms such as electron-phonon scattering, static imperfections 
scattering, electron-electron scattering [15].  
 The most important scattering in metals and semiconductors is electron-phonon 
scattering [16]. For metals, much of the Brillouin zone is occupied by electrons, whereas 
in semiconductors, it is mostly unoccupied.  
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 In metals, electron scattering takes place at states near Fermi surface. This implies 
a large momentum change occurs. Due to the momentum conservation, the largest 
phonon wave vector in an electron collision is 2 Fk , where Fk is the electron wave vector 
at Fermi surface. The temperature dependence of scattering rate depends on the 
production of phonon density of states and the phonon occupation. When phonon 
scattering is dominant in metals, 
/ DTτ θ          DT θ         (1- 48) 
5( / )DTτ θ        DT θ         (1- 49) 
In semiconductors, changes in the electron wave vector occur only at a small 
angle, hence only small phonon wave vectors k  participate. Very often, acoustic phonon 
scattering is dominant at room temperature. Bardeen and Shockley [17] first developed 
the relaxation time 
1/2
*3/2
B
E
m k T
−
τ  ~ 3/2T −          (1- 50) 
Optical phonon scattering is only significant at high temperatures and in polar 
semiconductors. When the interaction between the electrons or holes and the optical 
modes is less strong, and with simplest assumption, one finds the approximation [18] at 
high temperature ( )DT θ  that 
1/2
*1/2
E
m T
τ  ~ 1/2T −          (1- 51) 
For additional scattering process, the over all relaxation time is additive: 
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1 2
1 1 1 ...= + +
τ τ τ
         (1- 52) 
Where 1τ , 2τ ,… are the relaxation times for each process.  
 
1.3.5 Factors Relating to the Electron Transport Properties  
 In the single band structure, with Fermi-Dirac statistics, the dimensionless figure 
of merit can be expressed as: 
2
0
1/2 0( 3 2) / r
zT
r F L+
α
=
Γ + β +         (1-53) 
Where 0α  is the dimensionless Seebeck coefficient, defined as ( / )Be k α . 0L  is the 
dimensionless Lorenz number, defined as 2( / )Be k L . β  is the materials parameter [19], 
given by  
*
2 2 2
4 3/2 5/20
22
5.74 10 ( / )( * / )
B
B B
l e
l l
m k Te T
hTk k k m m T
e k e k
−
 πμ 
σ     β = = = × μ        (1- 54) 
Obviously, zT  is a function only of , ,rη β . For any given scattering 
parameter r  and materials parameterβ , we can tune the reduced Fermi energy η(equals 
to /F BE k T ) by changing the carrier concentration, in order to get an optimum Seebeck 
coefficient optα  and maximum figure of merit maxz T . It is assumed that β and r  are 
independent of the carrier concentration. 
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For selecting materials, the higher β  (correspondingly higher 
*3/2
l
m
k
μ ) could lead 
to a higher maxz . 
Fig. 1.5 shows the optimization of zT through carrier concentration tuning [20]. 
Maximizing the efficiency (zT) of a thermoelectric involves a compromise of thermal 
conductivity and Seebeck coefficient with electrical conductivity. Good thermoelectric 
materials are typically heavily doped semiconductors with a carrier concentration 
between 1019 and 1021 carriers per cm3 
 
 
Fig. 1.5  Optimization of zT through carrier concentration tuning 
 
1.3.6 Lattice Thermal Conductivity  
 A good approximation for the thermal conductivity of any heat conducting entity 
can be derived from the classic kinetic theory: 
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1
3l v s
k C v l=           (1- 55) 
Here vC  is the specific heat capacity at constant volume, sv  is the sound velocity, and l  
is the phonon mean free path.  
 Eucken pointed out that lk  of a dielectric crystal is inversely proportional to the 
absolute temperature at high temperature, i.e. at temperatures greater than the Debye 
temperature. This rule is obeyed by a wide variety of crystals.  Peierls predicted that as 
the temperature is lowered below the Debye temperature, thermal conductivity should 
rise according to an exponential law. It’s experimentally found that when temperature 
falls to about one-twentieth of the Debye temperature, the thermal conductivity reaches a 
maximum. At even lower temperature, thermal conductivity is proportional to 3T .  
 At very low temperature, the behavior of lk  is dominated by the Debye 
3T law of 
vC . Phonon scattering is not significant in this region, because of the limited number of 
excited phonons and their long wavelength.  At high temperature (above the Debye 
temperature), vC  approaches the classical value3R , making lk  primarily dominated by 
the behavior of l . 
 The major phonon scattering are phonon-phonon, phonon boundary, and phonon-
defect scattering.   
 
Phonon-phonon Scattering 
In most semiconductors, at high temperature region, phonons are scattered 
primarily by collisions with other phonons. Peierls showed that the most important 
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processes are those that involve three phonons: either two phonons to combine to a third 
phonon or one phonon break into two phonons. In the so-called normal process, the 
energy and momentum are conserved in the collision. Thus normal process only 
redistributes the phonons without introducing any resistance. While in the so-called 
Umklapp process, only energy is conserved. It’s the momentum which is not conserved 
that determines the high temperature thermal conductivity. Peierls’s theory predicted that 
lk  above Debye temperature should vary as 1/ T .  
 A useful, but not very precise, approximate relation of thermal conductivity (base 
on phonon-phonon scattering, and at high temperature) has been shown by Keyes [21]: 
3/2 2/3
7/6
m
l
Tk T B
A
ρ
=          (1- 56) 
And 
3/2
2 3 1/3
03 m
RB
N
=
γ ε
         (1- 57) 
Where ρ is the density, mT is the melting temperature, A is the mean atomic weight, R is 
the gas constant, γ  is the Gruneisen parameter. The Gruneisen parameter is one of the 
measures of the anharmonicity of the lattice vibrations, mε  (from Lindemann melting rule) 
is a constant more or less the same for all materials, 0N is Avogadro’s number. 
 mT , ρ and A are all easy to measure once the sample is made. B is a kind of 
universal constant and doesn’t vary much from one material to another.  
 Generally, the thermal conductivity falls with increasing atomic weight and also 
falls with increasing ionicity of the bonds. As shown in Fig. 1.6, the lattice thermal 
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conductivities of the ionic alkali halides are much lower than those of diamond-type 
elements and the III-V compounds. This may suggest that ionic compounds should have 
higher figure of merit than covalent semiconductors. But, covalent materials usually have 
high carrier mobility. It turns out the factor ( *3/2 / lm kμ ) is highest for semiconductor in 
which covalent bonds dominate. 
 
 
Fig. 1.6  Plot of lattice conductivity against mean atomic weight for certain covalent and 
ionic crystals. 
 
Umklapp Scattering 
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 From second order perturbation theory, the relaxation time for umklapp scattering 
at higher temperature ( 300T K> ) is given by [22]: 
2
2
0
1 2 B
D
k T
V
ω
= γ
τ μ ω
         (1- 58) 
Where γ  is the Gruneisen anharmonicity parameter, μ  is the shear modulus, 0V  is the 
volume per atom, Dω  is the Debye frequency. 
 
Point Defects and Alloy scattering 
 In most thermoelectric materials, the wavelengths of the phonons responsible for 
the heat transport are of the order of interatomic spacing and the phonons are effectively 
scattered by local variations in the properties of lattice on atomic scale. In the mean time, 
the wavelengths associated with electrons and holes are much larger and are not scattered 
by disturbance in the short-range order. It was suggested that the formation of a solid 
solution or alloy could lead to a stronger scattering of phonons than of the electrons, 
which could improve the ratio of mobility to lattice thermal conductivity [14]. 
 It is assumed that the scattering is Rayleigh type in which the scattering cross-
section scattσ  changes according to: 
6 4 2( )scatt c q
Δχ Δρ
σ ∝ +
χ ρ
        (1- 59) 
Where c  is the linear dimension of the defect, q  is the magnitude of the wave vector for 
a given phonon, Δχ is the local change in compressibility and Δρ  is the local change in 
density. 
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 The relaxation times intpoτ  can be expressed in terms of phonon frequency ω  
4
0
3
int
1
4po
V Γω
=
τ πν
         (1- 60) 
 
Boundary Scattering 
 Boundary scattering has been known to be effective in reducing lattice thermal 
conductivity at low temperatures. However it is found out that boundary scattering might 
be important in thermoelectric materials even at normal temperatures. This was first 
pointed out by Goldsmid and Penn and was subsequently confirmed by experiments [23, 
24]. 
 As shown in Fig 1.7 [23], the total area of the diagram represents the thermal 
conductivity of a large pure crystal. The dark area shows schematically the reduction of 
thermal conductivity by point defect scattering. This means much of the heat is 
transported by low frequency phonons. The low frequency phonons have a much longer 
mean free path than average and can be easily scattered by boundaries. The gray area 
indicates the reduction due to the boundary scattering. So, the combined effect of 
phonon- phonon and alloy scattering makes boundary scattering significant. 
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Fig. 1.7  Schematic plot of thermal conductivity against phonon frequency 
 
1.4 Searching for High Performance Thermoelectric Materials 
 From previous transport theory, we know that zT depends on , ,rη β .  
 The reduced Fermi energy η can be optimized by creating heavily doped 
semiconductors with optimized carrier concentration of about 1018-1020/cm3.  
 It has been shown that zT is monotonically increasing with band gap gE  and 
material parameter 
*3/2
l
mN
k
μβ = . Where N  is the degeneracy of band extremas near 
Fermi level in a complex band structure.  The band gap must be greater than Bk T  to 
maximize zT for a given β . The numerator is the electronic contribution, and the 
denominator is the thermal conductivity contribution.  
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 The thermal conductivity is composed of two parts: lattice contribution lk  and 
electron contribution ek . In most heavily doped semiconductors, lk  is comparable to ek , 
how to reduce lk  is critical. Compounds with heavy elements usually have low lk , 
because high atomic masses reduce the atomic vibration frequencies and the thermal 
conductivities. Synthesizing compounds or alloys with a large number of atoms (n) in the 
unit cell is another approach. A large number n lowers the fraction of vibration modes 
(phonons) that carry heat efficiently (acoustic modes). Alloy scattering and phonon 
boundary scattering will reduce the lattice thermal conductivity, but will partially raise 
the electrical resistivity. 
 If a compound has a large number of atoms in the unit cell, the probability of 
obtaining a high value of N is large. To achieve high mobility 
i
e
m
τμ = ,  longer scattering 
times τ  are possible in materials with a large electronegativity difference between 
elements. 
 As shown in the Fig 1.8 are the state-of-the-art commercial high ZT materials [20].  
 
Fig. 1.8 Figure of merit of state-of-art commercial high ZT materials. 
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 For near room temperature applications, such as refrigeration and waste heat 
recovery up to 200 oC, Bi2Te3 alloys have been proven to possess the greatest figure of 
merit in n and p type materials. It was discovered that alloying Bi2Se3 and Sb2Te3 can fine 
tune the carrier concentration alongside a reduction of thermal conductivity. The p-type 
composition near (Sb0.8Bi0.2)2Te3 and n type composition near Bi2(Te0.8Se0.2)3 are being 
studied intensively. Peak zT for these materials are typically in the range of 0.8-1.1. 
 For middle temperature power generation (500-900K), materials based on group-
IV, such as PbTe, GeTe or SnTe, are typically used. The peak zT in optimized n-type 
material is about 0.8. Alloys, partically with AgSbTe2 have been reported of zT>1 for 
both n and p type. Skutterudites (CoSb3 based materials) are also thought to be promising 
in getting high zT.   
 Successful high temperature (>900 K) thermoelectric generators have typically 
used SiGe alloys.  
  
1.5 Objective and Organization of the Work 
 Most of the commercialized thermoelectric materials have zT less than 1. This 
leads to quite small efficiency and limit their applications in energy conversion. CoSb3 
has been regarded as one of the novel thermoelectric materials. It has great potential to be 
used in recycling the large amount of heat lost from the combustion engine common in 
industry. Therefore, we focused the research on CoSb3. 
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 Ball-milling and DC controlled hot press are the foundation of our unique sample 
preparation technique. Ball-milling (Mechanical alloying) has been used to form alloys 
from components [25]. The fine powder particles obtained through ball-mill can lead to 
grain size confinement in the consolidated materials. On the other hand, the DC 
controlled hot press process is very fast. The powders are sintered together in short time 
period without much grain growth. This could benefit the sample through maintaining the 
boundary interface to keep the thermal conductivity low. 
 Optimization of the sample preparation condition was investigated. Then further 
research was carried out on the effect of different filling atoms to improve the 
dimensionless figure of merit zT. We also tried mixing the best composition CoSb3 
powder with other materials to further decrease the thermal conductivity. P-type 
skutterudites were made through substitution of Sb site or Co site. Some preliminary 
work on the contact issue of CoSb3 is also presented.   
 In the last chapter, some previous work on ZnO nanowire will be introduced. 
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Chapter 2   
Characterization of Thermoelectric Materials 
 
2.1 Introduction 
The inherent difficulty in thermoelectrics is that direct efficiency measurement 
requires as complexity as building an entire device. Thus the practical assessment of 
thermoelectric performance relies on the individual measurement of the material’s 
properties such as electrical conductivity, Seebeck coefficient, the thermal conductivity, 
and more fundamental parameters, such as carrier mobility and carrier concentration. The 
measurements are conceptually simple but results may vary considerably, particularly at 
above room temperatures where the thermal gradient adds to systematic inaccuracies. 
Thus how to principally and experimentally avoid those uncertainties in order to obtain 
greater accuracy is extremely important.  
One important aspect of reliable and accurate characterization is to identify and 
quantify the systematic error in the measurement. For Seebeck and resistivity 
measurement, we have used a Constantan sample as the standard whose data is available 
from literature. Its value is 2 orders of magnitude lower in resistivity and 3 orders of 
magnitude lower in Seebeck coefficient than the materials we are interested in. Thus, if 
the difference between the measurement of standard sample in the system and the 
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literature data is small enough, we wouldn’t expect the measurement error of our 
materials to be significant. 
Another important aspect is that the electrical and thermal transport properties of 
certain materials are highly dependent on the crystallographic orientation. In some cases, 
the difference between different directions can vary by orders of magnitude. Thus it’s 
important to measure these transport properties along the same direction for both single 
crystals and orientated polycrystals. Fortunately, CoSb3 has cubic crystal structure, the 
transport properties are isotropic. Thus didn’t need be concerned with the measurement 
direction to a great degree.  
For our measurement system, the commercially available equipment (ZEM-3) is 
used to measure electrical conductivity and Seebeck coefficient simultaneously from 
room temperature up to 600 oC. Commercial laser flash equipment (Netzch  Instruments) 
is used to measure the thermal conductivity. Commercial Hall measurement system (Lake 
Shore Cryotronics Inc.) is used to measure carrier concentration and carrier mobility.   
For our fine-structured samples, microstructure plays an important role on 
thermoelectric properties. Therefore, Scanning electron microscopy (SEM) and 
transmission electrons microscopy (TEM) equipment are used to characterize the 
microstructure of the materials. A build-in energy dispersive spectroscopy (EDS) system 
is applied to detect the composition of alloyed thermoelectric materials. X-ray diffraction 
is also used to monitor the phase composition. 
All the principles and experimental setup will be introduced in the remainder of 
this chapter.  
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2.2 Electrical Resistivity and Seebeck Coefficient Measurement 
 
2.2.1 Principle of Electrical Resistivity Measurement 
The four probes method [1] has been widely used to measure the resistivity of 
semiconductors in order to eliminate the contact effect for a long time. As shown in Fig. 
2.1, the current is introduced through the samples. Probes 1 and 4 will measure the 
current flowing through the samples. At the same time, probes 2 and 3 determine the 
potential difference. The probes may be held in place by pressure, welding, or insertions 
into the small holes in the sample [1]. It is assumed that the probes have negligible effects 
on the potential distribution and that they are measuring the potential in the center 
regardless of thickness. 
 
1 2
3
4
Power supply
Current probe
Voltage 
probes V
A
 
Fig. 2.1  Schematic setup of electrical resistivity measurement with four contacts. 
 
In the case of thermoelectric material, the Peltier effect will estabilish a 
temperature gradient, which will in turn generate electric fields through Seebeck effect. 
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Quite often, during the resistivity measurement, there is already a temperature gradient, 
which will also cause a Seebeck voltage.  
If the two potential probes are not at the same temperature, it has been realized 
that by averaging the measured potential difference with opposite current directions, the 
error caused by thermal asymmetry will be eliminated. For the Peltier induced Seebeck 
voltage, it needs time to develop, so either an ac current source [2] or fast switching dc [3] 
current can be used without causing any interference to the measurement.  
After resistance of the sample is measured, the electrical resistivity can be 
calculated through: 
/RA lρ =  
Where R is the resistance, A is the cross section area and l  is the length of the bar 
sample. 
 
2.2.2 Principle of Seebeck Measurement 
In principle, the Seebeck coefficient is one of the simplest quantities to measure 
but still considerable errors may still appear sometimes. By definition, the Seebeck 
coefficient equals the ratio of the potential difference VΔ  versus the temperature 
difference TΔ  between the two measuring points. How to measure the temperature 
difference precisely is the key to avoid those errors. 
Fig. 2.2 shows the schematic setup for the Seebeck coefficient measurement. The 
sample is placed between a heater and a sink, thus a temperature gradient is established in 
the sample. Thermocouple A and B are in contact with the sample by pressure, and they 
will be used to measure the temperature difference TΔ . In the mean time, wires A2 and 
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B2 are also used to measure the potential difference VΔ . A1 and B1 are made from the 
same metal. And A2, B2 are made from another kind of metal.  
 
Tc
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1
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2
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B
Heater
 
Fig. 2.2  Schematic setup of Seebeck coefficient measurement. 
 
By varying the heater output we can create a group of temperature gradients along 
the sample. In this way, a series of measurements of TΔ and VΔ  will be obtained. A 
linear regression method is applied to those data to remove the systematic error. The 
Seebeck coefficient is calculated as ( ) ( )d V d TΔ Δ . It should be noted that this Seebeck 
coefficient is relative with respect to Chromel wire. The absolute wire Seebeck 
coefficient must be added to get the absolute Seebeck coefficient of the sample.  
The most important error described above comes from the fact that the 
thermocouples may not take up the temperatures at the sample positions where the 
electric potential is measured [1]. Because of heat radiation and transfer, the 
thermocouples are measuring the temperature between the thermocouples and the 
surrounding environment. To minimize this error, two methods can be applied [4]: 1. 
Evacuate the specimen enclosure to a pressure of about 10-4 torr or less. 2. Use extremely 
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fine thermocouple wires. Also, if possible, the thermocouple wires made from low 
thermal conductivity should be adopted.   
 
2.2.3 Measurement of Electrical Resistivity and Seebeck Coefficient with ZEM-3 
System 
ZEM-3 (ULVAC Inc.) has been developed as an evaluating instrument for 
thermoelectric materials and devices. The equipment utilizes the recommended setup to 
produce the most reliable measurement Seebeck coefficient and electrical resistivity. It 
has been adopted by many research groups in thermoelectric areas. Fig 2.3 and 2.4 shows 
the system and the enlarged sample mounting area. The schematic is shown in fig 2.5 
 
 
 
Fig. 2.3  Electrical resistivity and Seebeck measaurment system (ZEM-3) 
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Fig. 2.4  Sample mounting parts of the ZEM-3 system 
 
The sample is held between two jars by pressure from the clamp springs. Inside 
the lower jar is an electrical resistance heater, which creates the temperature gradient 
along the sample. Temperature and voltage are measured by the lower and upper 
thermocouples held against the sample by spring force. The pressure is advantageous and 
will maintain a stable contact resistance. To ensure the potential and temperature are 
uniform in the cross section corresponding to the measuring contact points, the distance 
between the probes and the end plate should be 1.5 times larger than the lateral dimension. 
The space between the probes is fixed at 6 mm with small fluctuations. All of our 
samples are rectangular bars with approximate dimension 2 mm×2 mm×12 mm. The 
upper and lower thermocouples are made from chromel-alumel (K type), and are 
connected through 2 channels to a Keithley 2010 digital multimeter. The chromel leads 
are also used to measure the voltage difference during the electrical resistivity and 
Seebeck coefficient measurement. 
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Fig. 2.5  Schematic of Seebeck-Electrical properties measurement system 
 
An infra light furnace is used to heat the environment to the setup temperature. 
When the sample is put on, a Nickel casting is used to cover the holder in order to keep 
the environment temperature uniform. Then the furnace will be closed and vacuumed. 
Before the measurement begins, a small amount of Helium is filled into the chamber and 
the inside pressure is maintained at a pressure as low as several torr. This is because 
Helium is good for thermal contact. It will shorten the time needed for the sample to 
reach thermal equilibrium.  
Before the measurement, a step I-V plot is used to check the contact. A linear plot 
guarantees a good ohmic contact. In the electrical resistivity measurement, current will be 
released from the current supply to the sample, and the voltage is measured by probes as 
shown in Fig.2.4. To eliminate the effect of thermal asymmetry, two measurements are 
taken with opposite current polarity. The average result is regarded as the sample 
resistance ( R ). Sample dimension (depth d  and width w ) is measured using a 
micrometer with accuracy of ± 0.001mm. The distance between the two probes is 
 39
measured with a camera and then calibrated.  In addition, fast current ejection and voltage 
measurement are adopted to minimize the Peltier induced errors. 
In the Seebeck coefficient measurement, the current supply is open circuit and no 
current will flow through the sample. The temperature difference and potential difference 
will be measured by probes as shown in Fig 2.5. The equation used for computing the 
Seebeck coefficient is given as:  
TC
VS S
T
Δ
= − +
Δ
 
Where TCS  is the Seebeck coefficient of the thermocouple. 
A typical Seebeck coefficient computation plot is shown in Fig. 2.6. The 
measured Seebeck value of Constantan agrees with established data within 5%, which 
proves the reliability of ZEM-3 system. 
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Fig. 2.6  Computation of Seebeck coefficient. 
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Note that there is a nonzero intercept of the regression with y axis, which is called 
dark EMF. The source of which is not known. In the ZEM-3 system, dark EMF is 
calculated at each temperature set-point. Only when the dark EMF is less than 10% of  
the Seebeck coefficient can the measured result be regarded as acceptable. 
 
2.3 Hall Coefficient Measurement 
As described in the last chapter, the Seebeck coefficient, electrical resistivity, and 
thermal conductivity are closely related to the fundamental parameters such as carrier 
concentration n , carrier mobility μ  and effective mass *m . These fundamental parameters 
can be evaluated by Hall Effect measurement. 
When a conductor carrying electronic current is subjected to an external magnetic 
field, the moving charge carriers will be deflected and accumulate by the Lorentz force to 
one side of the sample. A stable electric field perpendicular to the both the electron 
current and the magnetic field will build up due to the accumulation to counter the 
Lorentz force. The ratio of established perpendicular electric field to the product of 
current and magnetic field is called the Hall coefficient HR [5].  
In the case of only one kind of carrier is considered (since most good 
thermoelectric materials are heavily doped semiconductors, this is a good approximation), 
the carrier concentration n  and mobility μ  are related by the following relations [6]: 
   
1
H
H
n
eR
ne
λ
=
ρ =
μ
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Where Hλ is the Hall factor for which depends on the carrier scattering parameter r  and 
the degree of degeneracy. 1Hλ =  for degenerate acoustic phonon scattering and 
3 / 8Hλ = π  for nondegenerate acoustic phonon scattering. In our research, a commercial 
Hall measurement 7604 from Lake Shore Cryotronics was also used to measure carrier 
concentration and carrier mobility. 
Generally, the geometry of the sample used for hall measurement falls into two 
categories: 1. long, narrow bars. 2. near square or circular Van der Pauw geometries.  
 
Long narrow bar geometry: As shown in figure 2.7, the hall voltage developed across 
the sample is /h HV R BI t= , where hV  is the voltage across the sample, B is the magnetic 
field applied to the sample. t  is the thickness of the sample. HR  is the Hall coefficient of 
the sample. The resistivity along the current direction can be easily calculated by 
measuring the resistance along the direction. Once we know the resistivity and carrier 
concentration, mobility can be calculated. The real problem in this geometry is that good 
voltage measurement contacts are difficult to make, and various techniques are needed to 
negate the contact effect and the Etiingshausen Effect [7]. Van der Pauw geometry can 
easily overcome those difficulties [8]. 
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Fig. 2.7  Schematic of the Hall Effect in a long, thin bar of semiconductor. The direction 
of the magnetic field B is along the z-axis and the sample has a finite thickness t. 
 
Van Der Pauw geometry: Shown in Fig. 2.8 is the perfect Van Der Pauw geometry, 
 
Fig. 2.8  A schematic of perfect Van der Pauw sample geometry. 
 
Four contacts are needed and are easily obtained through pressure contact.  There 
is no need to measure the dimension of the sample, which is the common source the 
errors originate.  
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The resistivity of the Van Der Pauw sample is given by: 
23
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12
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Although the clover-leaf is the preferred hall geometry, the circle geometry is 
sufficient enough to obtain reliable data and it is much easier to make such specimens. 
 
2.4 Thermal Conductivity Measurement 
Thermal conductivity is the heat energy transferred per unit time and per unit 
surface area, divided by the temperature difference. It’s more difficult to measure the 
thermal conductivity than electrical conductivity ( σ ) with accuracy because thermal 
insulation can never be as good as electrical insulation. Heat loss through radiation, 
convection, and contacts always occurs, and can contribute to a significant portion of the 
total heat transferred. Thus for direct measurement of the thermal conductivity, extra care 
has to be taken to minimize those heat loss [9, 10].  
The Laser flash method was developed by Parker in 1961 [11]. It is by far the 
most favorite method for measuring the thermal conductivity of bulk samples well above 
ambient temperature [12-14]. In this method, no thermal contact is needed since a laser 
flash serves as the heat source. In addition, the heat loss through sample boundaries and 
radiation is minimized by a quick measurement time.  
The schematic of a laser flash system is shown in Fig. 2.9. And Fig. 2.10 is the 
Laser flash apparatus LFA 457 we use. Thermal diffusivity and specific heat can be 
directly measured. Thermal conductivity will be calculated as: 
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( )( )( )pk a C= ρ ,  
Where a  is the thermal diffusivity, pC is the thermal specific heat, and ρ is the density. 
Thermal diffusivity represents how fast a body can dissipate thermal energy, or in another 
way, how fast a body can change its temperature when there is a heat flow through it. 
Specific heat capacity is the measure of the heat energy required to increase the 
temperature of a unit quantity of a substance by a certain temperature interval. Sample 
density can be measured from standard Archimedes’ method [15] 
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Fig. 2.9  A simple diagram showing the laser flash method 
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Fig. 2.10  Laser flash apparatus LFA 457 
 
One face of a disc sample is irradiated by a short pulse of heat from a laser 
irradiation of times being ≤ 1 msec. The resultant temperature rise of the opposite surface 
will be recorded, from which the thermal diffusivity is computed with temperature vs. 
time data.  
According to Carslaw and Jaeger, if the sample has an initial steady temperature 
distribution T(x, 0), the temperature T(x, t) at any time (t) and location (x) after the flash 
is incident at t=0 on the face x=0 is given by  
dx
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If the pulse energy ( Q ) is uniformly and instantaneously absorbed in a small 
depth g  at the surface 0x = , then at that instant the temperature distribution is  
,)0,(
gC
QxT
Pρ
=  0 x g< <  
0)0,( =xT ,     g x L< <  
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Applying these initial conditions, it becomes 
2 2
2
1
sin( / )( , ) 1 2 cos exp
/nP
Q n x n g L n atT x t
C L L n g L L
∞
=
 π π − π
= + ρ π   
For opaque materials, g is always sufficiently small that sin( / ) /n g L n g Lπ = π  
this equation can be simplified to : 
2 2
2
1
( , ) 1 2 ( 1) expn
nP
Q n atT x t
C L L
∞
=
 − π
= + − ρ    
Here we define two dimensionless parameters V and ω  
MTtLTV /),(=  
2 2/t Lω = π α  
MT  is the maximum temperature at the rear face. Then ( , )V L t can be simplified as 
2
1
( , ) 1 2 ( 1) exp( )n
n
V L t n
∞
=
= + − − ω  
Since ( , )V L t  ranges from -1 to 1, in principle the temperature rise at any point 
can give the solution of a . In practice 0.5V =  is often used. At this point, ω  equals 1.37. 
And then the thermal diffusivity can be written as  
2
1/20.138 /L tα = . 
Where 1/2t  is the time needed for the rear face to reach half the maximum temperature 
rise. 
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Fig. 2.11 Plot of temperature rise with time 
 
To approximate the one dimensional heat flow and minimize the error, the laser 
spot should be uniform and have a larger area than the spot size of the temperature 
measurement [1]. The thermocouple should have a low thermal conductance or it will 
reduce the peak temperature. The sample should be thin enough that the heat loss is small 
before the laser pulse arrives. On the other hand, the sample must be thick enough that 
the temperature rise time is much greater than the laser duration [1].  
The laser flash system can also be used to measure the specific heat directly. The 
amount of energy of heat flow needs to be considered to calculate heat capacity as shown 
in the following formula:  
Mp LTQC ρ/= . 
Since it’s difficult to determine the amount of energy flow, an alternative method 
is applied through comparing the temperature rise with a standard sample. Assuming that 
laser pulse energy and its coupling with the sample remain unchanged, the specific heat 
of the sample can be calculated by the following formula:  
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( ) ( ) / ( )P sample p ref sampleC mC T m T= Δ Δ . 
CP measurement data from the laser flash system is only approximate. In some 
cases, the errors can amount to 5-10%, Another equipment (DSC 200 F3) from Nestch is 
specifically used to determine the actual specific heat for each type of sample, which will 
be introduced later on. 
Before measurement, a round disc was polished from pressed pellets to required 
size: about 12.7mm in diameter, 1 or 2 mm in thickness to match the thickness of 
standard sample in order to minimize the Cp error. Then it is put into an argon 
environment furnace, and aligned between the laser beam and an indium antimonide 
(InSb) IR detector. There is a thermocouple inside the furnace, which is used to control 
the sample temperature. At each temperature, the sample is measured 3 to 5 times, the 
results are averaged to minimize errors. In addition, if Cp measurement is needed, it is 
necessary to coat the sample with graphite in order to minimize the error caused by heat 
loss from radiation and reflection.  
Fig. 2.12 is a typical experimental curve of IR signal vs. time. Many models 
concerning the temperature rise vs. time have been built by factoring in heat loss from the 
front and back side and non-uniform heating. By fitting the experimental data with these 
models, we can get diffusivity with errors less than 2%. This is primarily due to the 
thickness uncertainty.    
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Fig. 2.12  Experimental curve of IR signal vs. Time for each laser shot. 
 2.5 Specific Heat Measurement 
As explained before, specific heat measurement from the laser flash method has a 
larger deviation sometimes even 5-10%. In order to get the exact values for skutterudite 
samples, DSC 200 F3 equipment from Nestch is utilized to measure specific heat.   
The principle behind the method is the differential scanning calorimetry [16]. It is 
a thermo analytical technique in which the difference in the amount of heat required to 
increase the temperature of a sample and a reference are measured as a function of 
temperature. Both the sample and the reference are kept at nearly the same temperature 
throughout the measurement. The temperature program for a DSC analysis is designed so 
that the sample holder temperature increases linearly with time. The heat capacity of 
reference sample is well-defined over the temperature range to be scanned. In our system, 
the maximum temperature is 600 degree C, and the standard sample is a sapphire disc.   
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To minimize the errors, optimum sample dimensions need to match that of the 
standard sapphire disc [21]. In our case, the sample is polished to a disc with a diameter 
of about 5.5 mm and a thickness of 0.5-1.0 mm. Generally, three measurements over the 
whole temperature range need to be done before calculating specific heat of a sample. 
Those three measurements are for the baseline, the sapphire disc and the sample 
respectively.  
The specific heat of a material can be calculated from three measurements, as 
shown in the following formula: 
ysensitivitrateheatingmasssample
baselinesampledifferencesignalCP
••
−
=
)(
, 
Where the sensitivity is calculated from the sapphire disc measurement, as shown in the 
following, 
)(.)(
)(
sapphireCtheoretrateheatingsapphiremass
baselinesapphiredifferencesignalysensitivit
P••
−
=
 
 In the following chapter about thermoelectric properties of different compositions, 
specific heat for certain compositions are measured with DSC 200 F3, while the others 
are measured with laser flash system. 
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Chapter 3   
Preparation of CoSb3 Based Skutterudites and 
Thermoelectric Properties of YbxCo4Sb12  
3.1 Introduction 
Thermoelectricity offers a reliable, solid state means of cooling and power 
generation. 
Commercialized materials used today in thermoelectric devices such as Bi2Te3-
Sb2Te3 alloys for refrigeration and Si-Ge alloys for power generation at elevated 
temperatures were developed in the early 1960s. The main problem with these 
thermoelectric devices is their efficiency, which is much lower than the steam engine. 
Over the last 10 years or so, intensive research worldwide has identified several novel 
thermoelectric materials that, with further development, could bring us the breakthrough 
and promote the widespread of thermoelectric applications [1-3]. Filled skutterudites is 
one of these promising materials. 
The focus of the work presented in this chapter is to investigate and optimize the 
CoSb3 based systems and also to explore the mechanisms which could reduce the thermal 
conductivity while keeping the power factor unchanged. Thus the ZT will be improved. 
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3.2 General Properties of CoSb3 Based Skutterudites 
 
3.2.1 Introduction 
The skutterudites derives from a naturally occurring mineral, CoAs3, first found in 
Skutterudites, Norway. Binary skutterudites have the general form of MX3 where M is 
the metal atoms such as Co, Rh, or Ir, and X represents the pnicogen atom such as P, As, 
and Sb. It is identified as body-centered-cubic and belongs to the space group Im3 [4]. 
Each unit cell contains thirty-two atoms. A schematic of the basic structure is shown in 
figure 3.1. Only six out of eight cubic boxes are occupied with Sb rings, which left two 
voids in the structure. From the structural and bonding perspective, a more informative 
picture of the skutterudite phase consists of an infinite three dimensional array of 
trigonally distorted and tilted MX6 octahedrons that share corners with six neighboring 
octahedrals (shown in Fig. 3.2). 
 
3.2.2 Crystal Structure 
Generally, binary skutterudites are semiconductors with small bandgaps ~0.1 eV, 
high carrier mobilities and modest Seebeck Coefficients but very high thermal 
conductivities. The open structure is the key to their potential for thermoelectric 
applications. Filling the voids with foreign atoms could possibly depress the lattice 
thermal conductivity dramatically and modify the electronic properties to enhance the 
figure of merit [5,6].  
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Since there are two relatively large voids in the unit cell, the cubic unit cell can be 
written in a general way as □2M8X24, where □ represents a void. Filled skutterudites have 
been formed where rear earth [7, 8], alkaline [9] and alkaline-earth[10, 11], IIIA[12, 13] 
and IVA[14] ions interstitially occupy these voids. 
 
Fig. 3.1  The unit cell of the binary skutterudite structure [1]. The metal atoms (solid 
circles) form a simple cubic sublattice. The pnigogen atoms (open circles) are arranged in 
planar rectangular four-membered rings that form linear arrays along the (100), (010), or 
(001) crystallographic directions. 
 
The atomic displacement parameter (ADP) is known as the measure of the mean-
square displacement amplitude of an atom about its equilibrium lattice site. The 
magnitude of the ADP depends on how ‘vigorously’ the atoms are vibrating and possibly 
also on whether any static disorder is present on the site. From the first time filled 
skutterudites were synthesized, large X-ray atomic displacement parameters (ADP) have 
been reported for the “guest” ions, indicating that they may “rattle” or participate in soft 
phonon modes in the  
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Fig. 3.2  Crystal structure of the filled skutterudite [2]. Large black spheres represent the 
filler atoms, small black spheres are the metal atoms M, open circles stand for the 
pnicogen atoms. The cubic cell is outlined in the upper part of the figure. The lower 
section emphasizes the octahedral pnicogen coordination of the M atoms.  
 
voids. The ADP values of the ions increase with decreasing ionic size. It is possible that, 
if the caged ions are smaller than the void, they may rattle and interact randomly with the 
lattice phonons resulting in substantial phonon scattering. Fig. 3.3 shows the ADP 
dependence on temperature measured on La0.75Fe3Co1Sb12. The ADP values of La are 
large and have strong temperature dependence. This indicates that La is rattling about its 
equilibrium position and is thereby creating localized dynamic disorder. The dynamic 
disorder is the cause of the unique thermal transport in these compounds. 
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Fig. 3.3  Atomic displacement parameters obtained on a single crystal of La0.75Fe3CoSb12. 
 
Filler ions are relatively loosely bonded with the atoms forming the framework. 
It’s reasonable to view the filler ions as incoherent, Einstein-like local oscillators [15, 16]. 
Apart from having their own characteristic frequency, the fillers also show rather large 
amplitudes of motion. 
 
3.2.3 Bonding and Band Structure 
It has been noticed that the distance between the metal atoms is large, and there is 
no significant M-M bonding in skutterudites. Each X atom ( 2 3s p ) contributes two of its 
valence electrons to bond with two nearest neighbors in the X4 groups via σ  bonds. The 
remaining three electrons will participate in the two nearest M-X bonds. Because each 
metal atom is octahedrally coordinated by six X atoms, a total of (3 2) 6 9× =  X 
electrons are available for bonding in each MX6 octahedral. The metal atoms M ( 7 2d S ) 
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contribute 6 1 2 3× =  electrons to the bonding with 6 neighboring pnicogen atoms. All 
these electrons occupy the octahedral 2 3d sp  hybrid orbitals that are the essence of the M-
X bonding. The above bonding scheme is originally introduced by Dudkin and has been 
proved to be very useful [17]. Schematic of the model is shown in Fig. 3.4. 
 
 
Fig. 3.4  Schematic illustration of Dudkin’s bonding model.  
 
The binary semiconducting skutterudites posses either zero or narrow band gaps. 
The conduction band is very flat, implying a large electron effective mass and the 
potential for excellent thermoelectric properties in n type materials [18]. In addition, there 
is a single band crossing the bandgap touching the conduction band very near the Fermi 
energy. The linear dispersion of it makes the Seebeck coefficient of p-type materials less 
sensitive to carrier concentrations than in the case of semiconductors with parabolic 
dispersions [19].  Electronic band structure calculations have also been carried out on 
filled skutterudites. Calculations from Singh and Mazin indicated that LaFe3CoSb has an 
indirect gap of approximately 0.6 eV. From Harima’s conculsion [20], the highest 
occupied state is derived from bands mostly Sb p character, but there are Fe/Co derived d 
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bands, whose tops are situated about 100 meV below the top s of the p like states. These 
d band states have very low dispersions and therefore high effective mass which gives 
rise to the large observed Seebeck coefficients. Pnicogen site substitution is not that 
straight forward because these bands directly affect the band structure.  
 
3.2.4 Thermal Conductivity 
It has been known `that CoSb3 has a relatively high thermal conductivity [19] 
(~10 Wm-1K-1 at room temperature for single crystal) which is partly due to its covalent 
cubic crystal structure. Using the Wiedemann-Franz law and the experimental values of 
electrical resistivity and thermal conductivity, it’s concluded that phonons by far 
dominate the thermal conductivity. Even in heavily doped CoSb3, the carrier thermal 
conductivity doesn’t exceed more than more than 20% of the total thermal conductivity. 
We must increase the collision frequency to lower the thermal conductivity. Several 
methods have been proposed to accomplish this [1, 2]: (1). Controlling the fine structure, 
the boundary scattering could be increased. (2). Point-defect scattering could be 
introduced by doping impurities and preparing solid solutions. (3). In heavily doped 
compounds, electron-phonon scattering might be beneficial. (4). Electron charge transfer 
in certain mixed-valence systems might enhance the phonon scattering. (5). The intrinsic 
voids can be filled with loosely bounded atoms. It’s critical to benefit from all these 
mechanisms and affect phonons across a broad spectrum of frequencies without seriously 
degrading electronic properties.  
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3.3 Sample Preparation 
To get successful crystal growth, the respective phase diagram describes 
thermodynamic equilibrium between various phases of the system must be understood 
thoroughly. For skutterudites, the equilibrium phase diagrams are complex. As shown in 
Fig. 3.5 [21], there are three stable compounds formed in the higher pnicogen range: 
CoSb( γ phase), which grow congruently and is a metal, and two other semiconductors 
CoSb2( δ phase) and CoSb3( ε phase), each forming peritectically. In the case of CoSb3, 
the reaction can be described as: 
 
 
 
Fig. 3.5 Phase diagram of CoSb3. 
 
phase Liq phaseδ − + ε −      at   873pT C= °  
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Because of very slow kinetics, growth rarely proceeds under such conditions that 
the peritectic reactions are fully completed. There are several strategies being used to 
prepare skutterudite samples of either poly crystalline or single crystal nature [2]: 
(1). Melt the Co and Sb under argon and quench the melt. Upon annealing the 
ingot at 580-800 oC range, a pure phase of n-type CoSb3 was obtained. 
(2). Seal a stoichiometric amount of constituent elements in an evacuated quartz 
ampoule and heat the mixture at a temperature below the peritectic temperature. Then 
repeat grinding and annealing, pure CoSb3 can be obtained. 
(3). There is a nonstoichiometric melt composition (such as represented by point 
A in Fig. 3.5) where the melt is richer in pnicogen than the concentration corresponding 
to the intersection of the peritectic isotherm with the liquidus, but not as rich as the 
eutectic point near the pnicogen’s endpoint. Cool the melt to liquidus temperature, CoSb3 
will emerge. 
(4). Other techniques like the flux-assisted growth and the chemical vapor 
transport method. 
We are using a two－step method to synthesize CoSb3 based skutterudites: 1. Seal 
pure constituent elements according to stoichiometric ratio in a jar under Ar environment 
and then ball-mill it for a certain period of time. 2. Using the hot press to consolidate the 
ball-milled powder.  
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3.3.1 Preparation of Powders of CoSb3 Based Skutterudites  
High energy ball-milling is often employed to prepare alloys by mechanical 
alloying through solid state reactions, and to prepare micro/nano powders from large size 
grains. Mechanical alloying occurs basically through a repeated process of fracture and 
cold welding of powder particles trapped between grinding balls, elemental powders are 
alloyed through a sequence of collision events inside a high energy ball mill [1]. 
Although the average temperature inside ball milling jar is normally less than 100 oC, the 
local temperature can be raised to the alloy temperature through heat generated by 
collisions of the balls with the materials [1], which is the driving force for the inter-
diffusion of the components along atomically clean fracture surfaces. It’s simple, easy to 
handle and can be used to prepare impurity and oxygen free fine powder for those 
oxygen-sensitive materials under Ar environment. There are also shortcomings for the 
method. The materials might become amorphous after long processing time. Also this 
method is not considered to be the best way of making well dispersed and uniformly 
small particles. Our goal is to make a skutterudite compound from pure elements. In the 
mean time we want the grains size to be small. Fig. 3.6 shows the ball-mill jar and ball-
mill apparatus we use. 
In practice, about 40 grams in total of Co powder (99.8%, Alfa Aesar), Sb chunks 
(99.999%, Chengdu Chemphys Chemical Industry, China) and other filling or 
substitution elements are stoichiometrically weighted and loaded in the stainless steel jar, 
inside which there are stainless steel balls. This is operated in an Ar filled glove box. 
After loading, the stainless steel jar will be put into the ball milling machine and run for 
certain length of time. During running, the balls will bounce back and force to break the 
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chunks and promote the solid reaction. The powder will stick to the inside walls of the jar 
after sometime and form a hard shell, making further milling ineffective. Thus we loose 
the powder in the glove box every 5 hours until the accumulated ball-mill time reaches 
requirement.  
 
 
Fig. 3.6  Stainless steel jars and the Ball mill machine (Spex 8000M ) 
 
X-ray was done on the powder at different ball-mill intervals, and is shown on 
Fig.3.7. It is obvious that the Sb phase is still the majority after 20 hours, although the 
intensity of CoSb3 peak increases with longer time of ball-mill. Recall that materials 
might become amorphous after a long time of processing, and hence we prefer not to run 
the mill for long periods. Fortunately, the difficulty is overcome through hot press, which 
will be introduced on the following section. The materials are completely transformed 
into CoSb3 phase after press. 
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Fig. 3.7  X-ray of the powders ball-milled for different time period 
 
SEM images and TEM images were taken on the powders after ball mill, which 
are shown in Fig. 3.8 and Fig. 3.9 respectively. There is some particle aggregation, which 
is common in ball-mill process. It’s quite obvious that the size distribution is not uniform, 
some are in the range of several tens of nanometers, and some are around several hundred 
nanometers.  
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Fig. 3.8  SEM images of typically ball-milled powders 
 
 
 
Fig. 3.9  TEM images with low-(a), middle (b) and high (d) magnification of typically 
ball-milled powders. (c) shows the Selected Area Electron Diffraction pattern of the 
circled area in (b) 
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3.3.2 Consolidation of Powder into Bulk Pellets 
Once the ball-mill process is complete, the next step is to consolidate the obtained 
powder into pellets with close to 100% density. We hope to preserve the small grain size 
in the consolidated sample, although there is always some grain growth during the hot 
press. A DC-current controlled hot press is applied to compact the powder. It has some 
advantages over traditional resistance furnace: (1).The heating speed is fast, sample can 
be heated up to 700 oC in less than 5 minutes. (2). The cooling can also be quick. In less 
than 6 minutes, sample will be cooled down to room temperature from 700 oC. All these 
might be helpful in reducing the grain growth. 
 
 
Fig. 3.10  Pictures of hot press. (a).Schematic drawing of the hot press (b). Home made 
hot press system (c). 0.5 inch and 1 inch consolidated samples.  
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As shown in Fig 3.10, the powder is loaded in a graphite die, which is a hollow 
cylinder, and then it is sealed with graphite rods on top and bottom. The loading is 
operated in a glove box.  The whole setup will be took out and put on a carver press. A 
pressure of around 60-80 MPa is constantly applied to the powder. At the same time, a 
current of 200-1600 A is supplied.  The current will go through the plunger (graphite rod 
in the top of the die) to the powder and heat the sample through Joule heating. In order to 
monitor the temperature during press, a thermocouple is inserted into the die to a position 
close to the sample. When the temperature reaches ~700 oC, it will be maintained for 
several minutes by adjusting the current. The samples come out as pellets as shown in 
Fig.3.10 (c). It is cut into discs and bars, and polished for characterization of 
thermoelectric properties.  
X-ray diffraction is also done on the pellets after press. As shown in Fig. 3.11 
 
Fig. 3.11  X-ray analysis of consolidated sample 
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From Fig. 3.11, all the peaks match very well with CoSb3. We are confident that 
the hot press promote the solid reaction and transformed the powder into CoSb3 phase. 
3.4 YbxCo4Sb12 Samples Results and Discussions  
One of the remarkable features of this material is that the cage-like open structure 
can be filled with foreign atoms acting as phonon rattlers. The “rattling” of the filled 
atoms scatters phonons strongly and drastically reduces the thermal conductivity of the 
skutterudite compounds [2, 7, 22, 23]. Various kinds of atoms (Ce, La, Ca, Ba, Yb) have 
been used to fill the cages, thereby resulting in an improved dimensionless thermoelectric 
figure of merit (ZT). Yb is one of the ideal filler/rattler species [24-26]. Nolas et al. 
reported Yb-filled n-type Yb0.19Co4Sb12 with a peak ZT close to 1 at 373 °C[24], and 
Geng et al. reported Yb0.15Co4Sb12 with ZT of about 0.7 at 400 °C[25]. 
In those literatures, they are using melting methods to prepare the samples. 
Because of our specific method, the properties of our samples might be different. We 
tried a series of samples with nominal composition of YbxCo4Sb12 (x=0.3, 0.35, 0.4, 0.5, 
and 1.0) to optimize the Yb concentration for maximizing the ZT value [22]. The nominal 
composition means we mixed pure elements of Co (99.8%, Alfa Aesar), Sb (99.999%, 
Chengdu Chemphys Chemical Industry, China), and Yb (99.9%, Alfa Aesar) according 
to the stoichiometry YbxCo4Sb12. 
X-ray diffraction (D8, Bruker) analysis with a wavelength of 0.154 nm was 
performed on both the ball milled powder and the pressed pellets to determine the 
constituent phases. XRD spectra of the ball milled powders (not shown here) indicated 
that the majority of the powders were not alloyed after ball milling. After the DC 
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controlled hot press, however, the powder was completely transformed into a single 
skutterudite phase for x up to 0.5. When x = 1, an unknown second phase showed up. 
XRD spectra for all the hot pressed samples of YbxCo4Sb12 (x = 0.3, 0.35, 0.4, 0.5, and 
1.0) are shown in Fig. 3.12 [22]. The unknown second phase in the case of x = 1.0 is 
clearly marked.   
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Fig. 3.12  XRD spectra of DC hot pressed skutterudite YbxCo4Sb12 bulk samples with x = 
0.3, 0.35, 0.4, 0.5, and 1.0. The unknown second phase in the sample with x = 1.0 is 
clearly marked.[22] 
 
Figure 3.13 shows the SEM images at (a) low- and (b) high-magnification of the 
DC hot pressed Yb0.35Co4Sb12 samples that demonstrated the highest ZT among all the 
compositions studied. The average grain size is about 200 to 500 nm. There are some 
large grains as large as about 1 µm, which is probably due to the grain growth from the 
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alloyed portion of the powders during the hot press [27]. With such large grain sizes, we 
do not expect strong phonon scattering due to fewer interfaces [28-31]. The clear facets 
show that the grains are well crystallized. The SEM image also shows that the 
crystallized grains are closely packed, implying a high volume mass density, consistent 
with the Archimedean volumetric mass density measurement of around 7.6 g cm-3, which 
is close to the full theoretical density. 
 
 
Fig. 3.13  SEM images at (a) low- and (b) high-magnification and TEM images at (c) 
low- and (d) high-magnification of DC hot pressed skutterudite Yb0.35Co4Sb12 bulk 
samples, showing the high crystallinity and clean grain boundary with a large angle. 
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Also, for all the samples, some impurity phase was found accumulating in the 
grain boundary (indicated by arrows in Fig. 3.14a). EDX (Energy-dispersive X-ray 
spectroscopy) is used to analyze the composition on the impurity and on a chosen area. 
Comparing the atomic ratio, we find that the average composition of the area is close to 
the nominal composition, while Yb concentration is fairly high at the location of the 
impurity. It could be some residual Yb remaining on the grain boundary instead of 
getting into the void of CoSb3 lattice. 
 
 
Fig. 3.14  (a) SEM images showing the impurity (b) EDS of impurity (c) EDS of an area.  
 
Table I shows the compositions studied and the properties at about 25 °C [22]. 
Those marked with * are from Nolas et al. [24]. The lattice thermal conductivity is 
derived by extracting the electronic thermal conductivity ke from k.  Here ke is computed 
by the Weidemann-Franz law ke = LσT, where σ is the electrical conductivity, T is the 
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absolute temperature, and the Lorenz number is estimated to be 1.8×10-8 V2 K-2 for all 
samples, with uncertainties from factors including the band structure change caused by 
filling Yb. All of our samples show a much higher electrical conductivity than those 
reported presumably due to the large electron doping effect from the high Yb 
concentration, and the much lower thermal conductivity than literature values. This is 
primarily achieved by the stronger phonon scattering resulting from the presence of a 
large concentration of rattlers causing strong rattling effect [32] and mass fluctuation 
effect [33] and the increased interface densities, defined as the grain interfaces per unit 
volume [28-31]. Therefore, all the compositions studied here have higher ZT values than 
the reference samples as a result of the enhanced power factor and reduced thermal 
conductivity of our samples. 
 
0.301.57-1082.54Yb0.5Co4Sb12
0.351.66-1202.34Yb0.4Co4Sb12
0.371.76-1302.13Yb0.35Co4Sb12
0.381.9-1371.99Yb0.3Co4Sb12
0.262.92-1411.64Yb0.19Co4Sb12
*
0.094.79-1860.48Yb0.066Co4Sb12
*
ZT
Lattice thermal 
conductivity 
(W m-1 K-1)
Seebeck
Coefficient 
(µV K-1)
Electrical 
conductivity 
(105 S m-1)
Nominal Composition
 
 
Table 1 Room-temperature (25 °C) thermoelectric properties of YbxCo4Sb12 with x = 0.3, 
0.35, 0.4, and 0.5 samples. Data marked with * are from Nolas et. al [24]. 
 
Figure 3.15 shows the carrier concentrations and Hall mobilities of samples with 
x up to 0.5 at room temperature as a function of Yb content. The carrier concentration for 
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YbxCo4Sb12 shows a linear relation with the Yb filling fraction x. The Hall mobilities 
drop with higher Yb filling fraction, which could be due to the increased scattering by 
higher electron concentration. However, the carrier concentration increase is much larger 
that the carrier mobility decrease, which is why the electrical conductivity increases with 
Yb content. 
 
 
Fig. 3.15  Room temperature carrier concentration and Hall mobility of YbxCo4Sb12 bulk 
samples with x = 0.3, 0.35, 0.4, and 0.5. 
 
The temperature dependent thermoelectric properties of YbxCo4Sb12 are plotted in 
Fig. 3.16. For our measurement set up, we have a less than 5% error on electrical 
conductivity, 7% on Seebeck coefficient, and 5% on thermal conductivity. Fig. 3.16a 
shows that the electrical conductivity σ of all samples decreases with an increase in 
temperature T. Also σ increases with increased Yb content. The negative Seebeck 
coefficients (Fig. 3.16b) indicate that electrons are the dominant carriers. Samples with 
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different Yb content show a similar T dependence trend for the Seebeck coefficient from 
room temperature to 550 °C, with the maximum Seebeck coefficient occurring at 550 °C 
(Fig. 3.16b). The absolute value of the Seebeck coefficient decreases with increasing x at 
the same temperature, consistent with the electrical conductivity increase with increasing 
x. This behavior may be due to the increase in the electron concentration.  
 
 
Fig. 3.16 Temperature dependent electrical conductivity (a), Seebeck coefficient (b), 
thermal conductivity (c), and ZT (d) of DC hot pressed skutterudite YbxCo4Sb12 bulk 
samples with x = 0.3, 0.35, 0.4, 0.5, and 1.0. 
 
The thermal conductivity of the samples is shown in Fig. 3.16c. For the samples 
with x = 0.3 and 0.35, the thermal conductivity values decrease with increasing T and 
reach a minimum at 200 °C and then k increases rapidly with increasing T due to the 
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bipolar effect. For the samples with x = 0.4 and 0.5, the thermal conductivity rises 
continuously from room temperature to 550 °C, which can be attributed to the significant 
increase of ke at elevated temperatures. Although higher Yb concentrations increase the 
electron contribution to the total thermal conductivity, it can significantly decrease the 
lattice contribution by either the mass fluctuation effect or the rattling effect [32] or 
boundary scattering [33] so that the total thermal conductivity is much lower than that of 
the samples without Yb. At the moment, we do not know whether the mass fluctuation 
effect or the rattling effect is dominant in our samples. However, we do know that the 
lattice thermal conductivity in the case of YbCo4Sb12 is indeed higher that of 
Yb0.35Co4Sb12, which means that the mass fluctuation is a significant factor in 
YbxCo4Sb12 system. Therefore, Yb0.35Co4Sb12 has an optimized lowest thermal 
conductivity with a minimum of 2.7 W m-1 K-1, which leads to the highest observed ZT 
value among all the samples studied in this work. 
Figure 3.17 d shows the temperature dependent ZT from room temperature to 550 
°C. ZT increases with temperature and reaches a maximum at around 550 °C. The highest 
ZT is observed for the Yb0.35Co4Sb12 sample with its maximum value of about 1.2 
occurring at 550 °C. This is one of the highest ZT values reported for n-type filled 
skutterudites made by first ingot formation followed by grinding and hot pressing. 
 
3.5 Summary  
In summary, a cost-effective and mass-producible experimental process, based on 
the nano approach, has been demonstrated to produce dense bulk CoSb3 materials with 
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high thermoelectric properties. The experimental process includes two steps. First, 
mechanical alloying (ball-milling) is used to produce CoSb3 nanopowder. XRD spectrum 
results indicate that only small amount of CoSb3 forms even after 20 hours of ball-mill. 
Second, a direct current hot press technique is used to compact the nanopowder into a 
bulk dense alloy. In the mean time, the sample is transformed into single CoSb3 phase. 
Samples of nominal composition YbxCo4Sb12(x=0.3, 0.35, 0.4, 0.5) were made through 
the ball-mill plus DC controlled hot press. The increased Yb concentration in our samples 
not only enhance the power factor due to a better electron doping effect but also decrease 
the thermal conductivity due to a stronger rattling effect. In addition, the increased grain 
boundary density per unit volume due to the small grains in our bulk skutterudite 
materials may have also helped to enhance the phonon scattering and thus to reduce the 
thermal conductivity to some extent, but the grain size is not yet small enough to get a 
much lower thermal conductivity. The composition Yb0.35Co4Sb12 was found to be 
optimal for achieving a peak ZT value of about 1.2 at 550 °C . 
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Chapter 4   
Optimization of CoSb3 Based Skutterudites and Their 
Thermoelectric Properties 
 
4.1 Introduction 
This chapter will discuss the detailed experimental data of many as-made CoSb3 
based samples with different compositions in order to obtain a high figure of merit. Press 
conditions and the isotropic issue are discussed. Then two promising methods of 
improving thermoelectric properties are applied: 1. Single or double filling with different 
element atoms to reduce the thermal conductivity. 2. Mixing CoSb3-based skutterudites 
with other materials powders. Preliminary results on the P type skutterudites are 
introduced and discussed.  
4.2 Effects of Synthesis Conditions on Pure CoSb3 Samples  
Since CoSb3 is the major components of the materials investigated, it’s easy to 
start with to find the specialities of our sample preparation method. There are many 
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factors controlling the properties of the samples, in the following we focus on two 
important factors: ball-mill time and press temperature. 
4.2.1 Effects of Ball-mill Time 
Co and Sb mixtures were ball milled for 10, 15 and 20 hours. Then it was 
consolidated into bulk samples. Press temperatures were fixed at 600 oC to avoid 
excessive grain growth. . 
The microstructure of the compacted samples was investigated with SEM, and is 
shown in Fig. 4.1. The grain size decreases with increasing milling time. 
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Fig. 4.1 Microstructure of the CoSb3 bulk samples compacted from powder ball milled 
for 10 hours (a-b), 15 hours (c-d), and 20 hours (e-f). 
Fig. 4.2 shows the summary of the effect of ball mill time on thermoelectric 
properties. Fig. 4.2a shows the electrical resistivity of various samples ball-milled for 10, 
15 and 20 hours. It has been reported that the resistivity for pure CoSb3 is in the range 33-
100 mΩ-cm, while all of our samples have resistivity lower than 20 mΩ-cm. The carrier 
concentration of a sample ball-milled for 20 hr is about 2.8 × 1018 cm-3 at room 
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temperature. The high level of doping could be due to the defects at the grain boundaries 
or nonstoichiometry created by the evaporation of Sb during the press [1].  A general 
trend that can be observed is that the sample ball-milled in shorter time has a lower 
resistivity at lower temperatures. At higher temperatures, the difference diminishes.  
Fig. 4.2b shows the temperature dependence of the Seebeck coefficient. All the 
samples have exactly the same Seebeck coefficient. Assuming acoustic phonon scattering 
in a single parabolic-band model, the Seebeck coefficient and the carrier concentration 
can be expressed [2] as:  
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η = and ( )xF η is a Fermi integral of order x. Thus the ball-mill doesn’t change the 
Fermi energy and the carrier concentration. Room temperature Hall Effect measurement 
was done on the three samples. All three samples do have similar carrier concentration of  
around 2.8× 1018 cm-3, but different hall mobility (It is 1.14× 102 cm2V-1s-1 and 1.01× 102 
cm2V-1s-1 for samples pressed from powders of 10 hours and 15 hours ball-milling 
respectively). The scattering of electrons caused by defects will be dominant at lower 
temperatures. Longer ball milling time will create more defects, so the resistivity 
increases with longer ball-mill time. At higher temperatures, the defect scattering effect 
will decreases. This directly leads to the same resistivity for all of the samples in the 
range of 400 oC to 600 oC. 
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Temperature dependence of thermal conductivity is shown in Fig. 4.2d. Thermal 
conductivity for all the samples are around 6 Wm-1K-1 at room temperature, which is 
much lower than most other reported thermal conductivities [3, 4, 5] (8.5, hot pressed 
90% density, Sharp et al. (1995). 9.2 ,hot pressed, >95% density, Sales et al.(2000). 11.5 
polycrystal, >95% density, uher et. Al.(1997)). Our sample has >95% density. Lattice 
thermal conductivity is calculated by subtracting the electron part 0ek L T= σ  from the 
total thermal conductivity, where 8 20 2.5 10L w k
− −
= × Ω  is used. Thermal conductivity 
decreases for the whole measurement temperature range as ball-milling time increases, 
most likely it’s due to the grain boundary scattering. For longer time of ball-milling, 
grains get smaller and the interfaces increase. 
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Fig. 4.2  Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), lattice thermal conductivity (e) and ZT (f) of 
DC hot pressed bulk samples from CoSb3 powder ball-milled for different time period. 
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4.2.2 Effects of Press Temperature 
As previously mentioned, ball-milling can only make a small amount of powder 
transfer into the CoSb3 phase even after 20 hours, while the hot press can promote the 
solid reaction. In order to find out at what temperature the reaction began, powder that 
was ball-milled for 15 hours was pressed at different temperatures. Then the samples 
were checked with X-ray diffraction, as shown in Fig. 4.3.  
 
CoSb3
Sb
500 oC
400 oC
300 oC
 
Fig. 4.3 X-ray analysis of CoSb3 bulk sample pressed at different temperatures. 
 
From the X-ray diffraction analysis, both the Sb and CoSb3 phases coexist with 
comparable intensity in the sample pressed at 400 oC. For sample pressed at 300 oC, the 
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peaks matches well with pure Sb. The sample pressed at 500 oC has no observable Sb 
peak. It seems that the solid reaction from Co and Sb to form CoSb3 begins from around 
400 oC. To ensure the final sample is CoSb3 phase, it’s necessary to maintain the press 
temperature equal or above 500 oC 
To investigate the temperature’s effects on the thermoelectric properties, as milled 
CoSb3 (20 hours) powders were pressed at different temperatures (500 oC, 600 oC, 700 
oC). Microstructure was characterized with SEM and is shown in Fig. 4.4. 
 
 89
 
Fig. 4.4  Microstructure of CoSb3 bulk samples hot pressed at 500 oC (a-b), 600 oC (c-d), 
700 oC (e-f) from powder ball milled for 20 hours. 
 
From the above SEM images, it is obvious that the grain size increases as press 
temperature increases.  
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Thermoelectric properties are shown in Fig. 4.5. Resistivity and Seebeck 
coefficient decreases monotonically with increasing measurement temperature and hot 
press temperature. At high measurement temperature, the difference diminishes. The 
sample pressed at a higher temperature tends to have lower resistivity and a higher 
Seebeck coefficient. The thermal conductivity first increase then decrease with increasing 
temperature. The sample pressed at a higher temperature has a higher thermal 
conductivity. In total, the highest ZT is 0.15 for sample pressed at 700 oC. This might be 
because the impurity is decreased and the crystallinity is improved at high pressing 
temperature. Also the scattering of electrons at grain boundaries will decrease due to 
larger size grain of samples pressed at higher temperatures. 
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Fig. 4.5  Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
power factor (C), thermal conductivity (d), lattice thermal conductivity (e) and ZT (f) of 
hot pressed bulk samples pressed at different temperature (500 oC, 600 oC, 700 oC)  from 
CoSb3 powder  ball-milled for 20 hours. 
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4.3 Optimization of Synthesis Conditions on Yb0.35Co4Sb12 Samples 
4.3.1 Comparison of One-step Pressing Method and Two-steps Method 
Initially, we thought that Sb may melt at around 600 oC, a two steps pressing 
method was adopted: increase the temperature to 600 oC and hold the press for 5 minutes, 
then increase the temperature to 700 oC and hold the press for 2 minutes.  Later on from 
chapter 4.2.2, we realized that since the solid reaction start from 400 oC, holding at 600 
oC may not be necessary. Samples were pressed with two methods in 1 inch die.  After 
press, the samples were annealed at 650 oC in vacuum for 2 hours. Thermoelectric 
properties are shown in Fig. 4.6.  
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Fig. 4.6 Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
thermal conductivity (c), and ZT (d) of Yb0.35Co4Sb12 samples pressed with different 
methods.  
 
From above, samples obtained through the two different methods have similar ZT, 
although they differ on resistivity, Seebeck coefficient and thermal conductivity. 
Annealing enhances the electrical conductivity without affecting the Seebeck coefficient. 
This might be because defects are decreased after annealing and the crystallinity is 
improved.  . 
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4.3.2 Temperature Effects on the Thermoelectric Properties 
Ball milled Yb0.35Co4Sb12 powder was pressed at 650 oC, 700 oC and 750 oC with 
half inch die. Thermoelectric properties are shown in Fig 4.7. Samples pressed at higher 
temperature have lower resistivity. All three samples have similar Seebeck coefficient 
and thermal conductivity. The sample pressed at 750 oC has the highest ZT above 1.1. 
There is some difference between the sample pressed with 1 inch die and half inch die. 
This might be because it takes longer time to heat up the samples in 1 inch die and the 
solid reaction is more complete.  
The samples were subjected to annealing at 650 oC in vacuum for 2 hours. Voids 
formed in the samples, and we did not obtain the properties considering that voids may 
cause some measurement inaccuracy.    
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Fig. 4.7 Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), ZT (e) of Yb0.35Co4Sb12 pressed at different 
temperatures. 
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4.3.3 Wet Mill with Alcohol and Hexane 
Generally, only constituent elements and stainless balls are put in the jar. During 
the ball milling process, powders were seen sticking on either the inner walls or the 
milling balls. This may complicate the ball-mill process and make the final result samples 
different from the nominal composition.  
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Fig. 4.8 Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of DC hot pressed bulk samples 
from CoSb3 powder ball milled with different liquid. 
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Adding some liquid can solve the problem of sticking. It will make the powder 
even more uniform and reduce the loss of sticky elements that get stuck on the inner wall 
of the jar. In the mean time, wet milling may modify the grain boundary and prevent the 
grain growth even at high press temperature. To this point we have tried alcohol and 
hexane. The powders was then dried and consolidated into pellets. All the preparation 
conditions were the same except that the liquid was added for extra half an hour of ball-
mill before consolidation. Shown in Fig. 4.8 are the thermoelectric properties of the 
consolidated samples. It is quite clear that the Seebeck coefficient and lattice thermal 
conductivity are the same for the two samples, only the resistivity is different. Also, the 
resistivity is much higher than with the dry ball-mill. Maximum ZT is only about 1. Most 
likely, there is some alcohol and hexane left over and it contaminates the sample. 
Microstructure of the samples was checked with SEM, no obvious grain size reduction 
was observed.  
 
4.4 Isotropic Issue of the Pressed Sample 
Although CoSb3 has a cubic crystal structure, it’s supposed to be isotropic. But, 
due to our press conditions, there might be some uneven distribution of materials in the 
pressed pellets. This could cause some difference in properties along different directions. 
In order to find out whether there is such an orientation issue, a cylindrical sample 
(Yb filled CoSb3) of 12 mm in diameter and 12 mm long was pressed. The most 
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favorable press conditions were used: press temperature is 700 oC and pressure is 80 MPa. 
Two bars were cut out from different directions, as shown in Fig. 4.9. 
Lateral                                               longitudinal  
Fig. 4.9 Schematic plot showing the bars cutting. 
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Fig. 4.10 Temperature dependence of Electrical resistivity (a) and Seebeck coefficient (b) 
of the bars cutting from different orientations. 
 
From the temperature dependence of electrical resistivity and the Seebeck 
coefficient (Fig. 4.10), the properties along different orientations coincide within 
experimental error from room temperature to 550 oC. We don’t expect any thermal 
conductivity difference along different orientations based on the above data. 
 
4.5 Results and Discussions of Filled Skutterudites  
Even though the intrinsic lattice thermal conductivity is high due to the covalent 
bonding in the lattice, the naturally formed voids (i.e. the empty subcubes) can be filled 
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with loosely bonded guest ions. The low frequency localized phonon modes of these 
guest ions can strongly scatter the heat carrying acoustic phonons and thereby decrease 
the thermal conductivity [6-8]. A wide variety of rare earth and alkali earth elements [9-
13] have been studied and proven to be effective. In this section, results and discussions 
on several kinds of filled skutterudites will be introduced. 
 
4.5.1 Rear Earth Filled CoSb3  
Samples of nominal composition of Nd0.3Co4Sb12, La0.3Co4Sb12 and Yb0.3Co4Sb12 
were made through ball mill and DC-controlled hot press. Thermoelectric properties are 
shown in Fig. 4.11. 
The rear earth elements act as electrons donors in the system. The resistivity of all 
the samples increases with increasing measuring temperature, which is typical of heavily 
doped semiconductors. In comparison with pure CoSb3, the electrical conductivity is 
enhanced by 1 or 2 orders of magnitude. This is due to the improvement in electron 
concentration. The Seebeck coefficient doesn’t decrease much, and is still around 
150μV/K at room temperature. This is because the relevant energy bands are very flat, 
and the effective mass is exceptionally high [14]. So the filled skutterudites are still able 
to support a large magnitude of Seebeck and preserve high power factors. 
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Fig. 4.11  Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of DC hot pressed bulk CoSb3 
samples filled with different rear earth elements. 
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Of the three rear earth elements, Yb proved to be the most effective one in 
preserving the high power factor at the same filling fraction. The maximum power factor 
of Yb doped skutterudite can reach 4500 μW/mK, which is mainly due to the electrical 
conductivity enhancement. Lattice thermal conductivity is calculated with Lorentz 
constant 80 2.0 10L = × V
2K-2, which is a good approximation in heavily doped 
semiconductors.  
In addition, Yb filled sample has the lowest lattice thermal conductivity of the 
three. This is because Yb has the smallest and least massive ion of the three. These 
smaller ions are freer to “rattle” inside the voids of the skutterudites structure, and 
thereby can interact with lower frequency heat-carrying phonons than the others. 
Combining the high power factor and low thermal conductivity, Yb doped sample 
has the highest ZT of above1.1. 
 
4.5.2 .Barium Filled CoSb3 
Barium has been proved to be an effective “rattler” in BaxCo4Sb12 system. The 
highest ZT reported reaches 1.1 at 850 K from Ba0.24Co4Sb12 sample [15]. Ba was tried in 
our Ball-mill plus hot press method.  
It has been calculated that different fillers in CoSb3 have different resonance 
frequencies. Double filled skutterudites could have lower thermal conductivity Lk and 
improved ZT due to the large difference in their resonant phonon frequencies, which 
could scatter a broad range of phonon spectrum. Filling Ba and Yb could be more 
 103
effective in scattering phonons because the spring constants and phonon frequencies for 
Yb and Ba differ more than any other possible filler combination [16]. Double filling 
with Yb and Ba is also prepared within our method.  
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Fig. 4.12  Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), lattice thermal conductivity (e) and ZT (f) of 
Ba single filled and Yb Ba double filled CoSb3. 
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Fig. 4.12 shows the thermoelectric properties of the samples. All the samples 
were heavily doped semiconductors (the resistivity decreased with increasing temperature, 
which is typical in heavily doped semiconductors). Comparing the data, we found that the 
resistivity is lower with higher filling fraction. In regard to the Seebeck coefficient, 
Ba0.25Co4Sb12 has the highest value while there is not much difference between 
Ba0.35Co4Sb12 and Ba0.25Yb0.35Co4Sb12. Lattice thermal conductivity was calculated with 
approximated 80 2.0 10L
−
= × V2K-2. Ba0.35Co4Sb12 has a lower lk  than Ba0.25Co4Sb12, 
which is due to the higher ratio of filler atoms. The difference of lk  between 
Ba0.35Co4Sb12 and Ba0.25Yb0.35Co4Sb12 was quite small. From our understanding, this 
might be because not all the Ba and Yb fill into the voids. Even if the residue stays at the 
boundary, it will supply electrons to the conduction but may not affect the band structure 
and the phonon spectrum. In total, the double filled Ba0.25Yb0.35Co4Sb12 sample had a 
similar power factor as Yb0.35Co4Sb12 but a much higher thermal conductivity due to its 
higher carrier concentration. The maximum ZT is only around 0.8 from 
Ba0.25Yb0.35Co4Sb12.  
 
4.5.3 In Yb Double Doped CoSb3 
Double filled skutterudites have attracted much attention because of their higher 
ZT compared with regular single filled skutterudites. It’s suggested that the two filler 
atoms should be distinct in size and atomic weight to achieve optimal effect [14]. Indium 
filled CoSb3 has been reported as having good thermoelectric properties. In and Yb 
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double filled CoSb3 has also been made through melt-quench-anneal method and has 
ZT~1.1 [17]. We synthesized the In and Yb double filled CoSb3 with our unique 
technique to find out whether ZT can be improved. 
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Fig. 4.13  Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), lattice thermal conductivity (e) and ZT (f) of 
In Yb double filled CoSb3.  
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All the In and Yb double doped samples (Fig. 4.13) have higher resistivity than 
Yb0.35Co4Sb12. The Seebeck coefficient seems only to depend on the Yb filling fraction. 
In0.1Yb0.25Co4Sb12 and In0.1Yb0.35Co4Sb12 have similar thermal conductivities, which is 
lower than the Yb single doped sample. All the samples end up with similar ZT of around 
1.2. From the fact that In only reduces the thermal conductivity without effect on Seebeck, 
we suspect that In may not totally fill the void. Instead, it may have stayed at the grain 
boundary. Further investigation might be necessary. 
 
4.6 Mix other Materials with Yb0.35Co4Sb12 
Another attempt to influence the thermoelectric properties of skutterudites is to 
mix and disperse a judiciously chosen second phase into the structure. It has three 
advantages: (1) The mixed materials might act as the grain growth inhabitor to preserve 
the small grain size during hot press. Therefore the thermal conductivity could be reduced.  
(2) If the second phase has lower resistivity than the skutterudite matrix, the resulting 
composite structure might have lower electrical resistivity. (3) In the mean time, the 
dispersed second phase will be the phonon scattering center. This approach has been tried 
by Katsuyama et al. by preparing a composite of CoSb3-FeSb2 [8]. Yb0.35Co4Sb12 is by far 
the best skutterudite material we obtained, we tried mixing several materials, Boron, 
CoSi2, C60, SnO and SnO2 with it to improve the performance further. 
SEM photos of fractured surface of the samples are shown in Fig. 4.14. In 
comparison with samples without any mixing materials, no obvious grain reduction is 
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observed for all the samples except the one mixed with C60. The fractured surface of the 
sample mixed with C60 is much darker than the others. We highly suspect that’s due to the 
residue carbon covering the grain. Detail was further checked with SEM, as shown in Fig. 
4.15, the circled parts was found to be Yb0.35Co4Sb12 grains exposed without any covering.   
 110
 
Fig. 4.14 SEM images of Yb0.35Co4Sb12 mixed with 10% Boron (a-b), 2% CoSi2 (c-d), 
0.5% C60 (e-f), 5% SnO (g-h) and 1% SnO2 (i-j). 
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The grain size is still comparable with the non-mixed Yb0.35Co4Sb12   sample. It seems we 
have not found the right grain growth inhibitor yet.  
 
 
Fig. 4.15 SEM images of Yb0.35Co4Sb12 samples mixed with C60. 
 
Fig. 4.16 shows the temperature dependence of thermoelectric properties. Most of 
the mixed materials only increase the resistivity except for C60 and Boron, which 
maintain a resistivity as close to unmixed Yb0.35Co4Sb12 sample. In regard to thermal 
conductivity, most of the mixtures are nearly the same. Comparing with the unmixed 
Yb0.35Co4Sb12 sample, the reduction is quite minor. It turns out that only the Boron doped 
sample has a maximum ZT around 1.2. ZT is decreased for all the other mixtures. From 
above, we find out that most of the added impurities do not scatter the phonons 
effectively, but they do to some extend deteriorate the electronic properties. Boron did 
not have much of an effect ZT, although it did affect electrical resistivity and the Seebeck 
coefficient respectively. Addition of C60 decreases the electrical conductivity slightly. But 
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the thermal conductivity increased greatly, which might be because C60 is a good thermal 
conductor. 
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Fig. 4.16  Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), lattice thermal conductivity (e) and ZT (f) of 
CoSb3 mixed with different materials. 
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4.7 Effect of Fe/Mn Substitution on Co Site 
Fe and Mn have fewer electrons than Co, so they could possibly tune the carrier 
concentrations. Effects of substitution on a Co site with Fe or Mn are investigated.  
Thermoelectric properties of samples are shown in Fig. 4.17. All the samples 
except Yb0.35Fe0.3Co3.7Sb12 are N type samples. The Yb0.35Co4Sb12 sample is also shown 
here as a reference. Fe is a very strong hole dopant, even though Yb0.35Co4Sb12 is a 
heavily doped N type sample, only a 0.3 Fe substitution would change the sample to P 
type. Yb0.5Fe0.2Co3.8Sb12 has similar properties to the reference sample except with a 
lower Seebeck coefficient. Most likely, this is because more Yb could overcome the 
effect of Fe. Samples of Yb0.5Fe0.5Co3.5Sb12 and Yb0.35Fe0.3Co3.7Sb12 had much lower 
thermal conductivities than the reference sample. They also have much higher resistivity, 
thus the reduction of thermal conductivity is partly due to the electron contribution 
depression. Comparing these two samples, the resistivity of Yb0.5Fe0.5Co3.5Sb12 is much 
lower than Yb0.35Fe0.3Co3.7Sb12, but the thermal conductivities are similar. This can be 
explained because more Yb filler will cause stronger phonon scattering, which could 
cancel some effects of the electron contribution due to higher carrier concentration. The 
substitution with Mn only increases the resistivity and the thermal conductivity. Over all, 
ZT of substituted samples are only worsened. 
 
 114
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
0 100 200 300 400 500 600
T (oC)
Se
eb
ec
k 
 (V
/K
)
Yb0.35Co4Sb12
Yb0.35Fe0.3Co3.7Sb12
Yb0.5Fe0.5Co3.5Sb12
Yb0.5Fe0.2Co3.8Sb12
Yb0.35Mn0.3Co3.7Sb12
0.0E+00
1.0E-05
2.0E-05
3.0E-05
4.0E-05
5.0E-05
6.0E-05
7.0E-05
0 100 200 300 400 500 600
T (oC)
R
es
is
tiv
ity
 (o
hm
 m
Yb0.35Co4Sb12
Yb0.35Fe0.3Co3.7Sb12
Yb0.5Fe0.5Co3.5Sb12
Yb0.5Fe0.2Co3.8Sb12
Yb0.35Mn0.3Fe3.7Sb12
0.0E+00
1.0E-03
2.0E-03
3.0E-03
4.0E-03
5.0E-03
6.0E-03
0 100 200 300 400 500 600
T (oC)
Po
w
er
 fa
ct
or
 (W
/m
 K
^2
)
Yb0.35Co4Sb12
Yb0.35Fe0.3Co3.7Sb12
Yb0.5Fe0.5C03.5Sb12
Yb0.5Fe0.2Co3.8Sb12
Yb0.35Mn0.3Fe3.7Sb12
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
0 100 200 300 400 500 600
T (oC)
ZT
Yb0.35Co4Sb12
Yb0.35Fe0.3Co3.7Sb12
Yb0.5Fe0.5Co3.5Sb12
Yb0.5Fe0.2Co3.8Sb12
Yb0.35Mn0.3Co3.7Sb12
a
c
e
b
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 100 200 300 400 500 600
T (oC)
Th
er
m
al
 c
on
du
ct
iv
ity
 (W
/m
 K
)
Yb0.35Co4Sb12
Yb0.35Fe0.3Co3.7Sb12
Yb0.5Fe0.5Co3.5Sb12
Yb0.5Fe0.2C03.8Sb12
Yb0.35Mn0.3Co3.7Sb12
d
Se
eb
ec
k 
 (V
/K
)
R
es
is
tiv
ity
 (o
hm
 m
Po
w
er
 fa
ct
or
 (W
/m
 K
^2
)
ZT
Th
er
m
al
 c
on
du
ct
iv
ity
 (W
/m
 K
)
 
Fig. 4.17  Temperature dependence of resistivity (a), Seebeck (b), power factor (c), 
thermal conductivity (d) and ZT (e) of Yb doped CoSb3 with substitution of Mn/Fe on Co 
site. 
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4.8 Investigation on P Type Skutterudites 
For thermoelectric devices, a unit couple is the basic component. It needs both N 
type and P type materials. In the following section, some investigation into the results of 
P type skutterudites will be presented and discussed. 
 
4.8.1 NdFe3.5Co0.5Sb12 
It’s known that Co can be replaced with iron in rare earth filled skutterudites. 
Rare earth elements will dope with electrons and Fe will be acting as a hole dopant. It has 
been suggested that the carrier concentration per formula unit for CeyFe4-xCoxSb12 is 
given approximately by (p, n) =4-x-3y. When this quantity is positive the samples will be 
p-type and when it is negative they will be n-type [18]. 
Pure elements are weighted according to the stoichiometry of NdFe3.5Co0.5Sb12. 
Generally, the mixtures are ball milled for 15-20 hours before they are compacted into 
bulk samples. Here we have the same issue for p type powder as for n type powder: they 
are only partially alloyed after an extended ball-mill. Two samples were pressed at 650 
oC and 700 oC respectively and the properties are shown in Fig. 4.18. X-ray diffraction 
was also taken for the samples. We found some Sb residue in the compacted samples. 
 
 116
0
0.5
1
1.5
2
2.5
3
3.5
4
100 200 300 400 500 600
T (oC)
Th
er
m
al
 c
on
du
ct
iv
ity
 (W
/m
 K
)
650C
700C
0.0
0.1
0.2
0.3
0.4
0.5
0.6
100 200 300 400 500 600
T (oC)
ZT
650C
700C
0.0E+00
1.0E-06
2.0E-06
3.0E-06
4.0E-06
5.0E-06
6.0E-06
7.0E-06
8.0E-06
9.0E-06
0 100 200 300 400 500 600
T (oC)
R
es
is
tiv
ity
 (o
hm
 m
)
650C
700C
0.0E+00
5.0E-04
1.0E-03
1.5E-03
2.0E-03
2.5E-03
0 100 200 300 400 500 600
T (oC)
Po
w
er
 fa
ct
or
 (W
/m
 K
^2
)
650C
700C
0.0E+00
2.0E-05
4.0E-05
6.0E-05
8.0E-05
1.0E-04
1.2E-04
1.4E-04
0 100 200 300 400 500 600
T (oC)
Se
eb
ec
k 
C
oe
ffi
ci
en
t (
V/
K)
650C
700C
a b
dc
e
Th
er
m
al
 c
on
du
ct
iv
ity
 (W
/m
 K
)
ZT
R
es
is
tiv
ity
 (o
hm
 m
)
Po
w
er
 fa
ct
or
 (W
/m
 K
^2
)
Se
eb
ec
k 
C
oe
ffi
ci
en
t (
V/
K)
Th
er
m
al
 c
on
du
ct
iv
ity
 (W
/m
 K
)
ZT
R
es
is
tiv
ity
 (o
hm
 m
)
Po
w
er
 fa
ct
or
 (W
/m
 K
^2
)
Se
eb
ec
k 
C
oe
ffi
ci
en
t (
V/
K)
 
Fig. 4.18 Temperature dependence of resistivity (a), Seebeck (b), power factor (c), 
thermal conductivity (d) and ZT (e) of NdFe3.5Co0.5Sb12 bulk samples pressed at different 
temperatures. 
 
From the plots, we can see that there isn’t much difference between the two 
samples. The Seebeck coefficients for both samples are lower than n type samples, which 
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is mainly due to the reduction of carrier mobility caused by iron substitution [6, 19]. The 
thermal conductivity is higher than the n type samples. The sample pressed at 700 oC has 
lower values, which might be because of the amount of evaporation of Sb amount is 
different and the residual Sb is less in the sample pressed at 650 oC. The maximum ZT is 
only 0.52. 
 
4.8.2 Effects of Substitution of Sb with Sn and/or Te  
Of several prospective doping agents of the Sb site, only two, tellurium and tin, 
proved to be electrically active [7]. Yb has proved to be effective in reducing the thermal 
conductivity of CoSb3, and at the same time it donates electrons. Second of all, Sn and Te 
have limited solubility and they can influence the transport properties dramatically. So 
we kept the Yb filling fraction as low as 0.2 and the Sn and Te doping levels also were 
quite low.  
The three samples we made were Yb0.2Co4Sb11.6Sn0.2Te0.2, Yb0.2Co4Sb11.6Sn0.4 and 
Yb0.2Co4Sb11.2Sn0.8. Thermoelectric properties are shown in Fig. 4.19. All samples are p 
type. The Yb0.2Co4Sb11.6 Sn0.2Te0.2 sample behaved quite differently than the other two: it 
had quite high resistivity and thermal conductivity. This could be attributed to the SnTe 
impurities we found in the X-ray diffraction analysis. When we 
compareYb0.2Co4Sb11.6Sn0.4 and Yb0.2Co4Sb11.2Sn0.8, we see that more Sn cause more 
hole doping, which will cause low resistivity and a low Seebeck coefficient. Differences 
in thermal conductivity are small and increase slightly with increasing temperature, 
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which is mostly due to the electron contribution. Yb0.2Co4Sb11.6Sn0.4 has the maximum 
ZT of only 0.26.  
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Fig. 4.19 Temperature dependence of resistivity (a), Seebeck (b), power factor (c), 
thermal conductivity (d) and ZT (e) of Yb0.2Co4Sb12-x-ySnxTey bulk samples. 
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4.9 Summary 
In summary, CoSb3-based samples were successfully synthesized through our 
ball-mill and hot press. A number of n type and p type CoSb3 based skutterudites were 
made to optimize the thermoelectric properties.  
The ball mill process affected mostly the carrier mobility by reducing the grain 
size and increasing grain boundaries. Hot pressed CoSb3 is highly doped due to the 
evaporation of Sb and the defects at the grain boundaries. Investigation and optimization 
of synthesis conditions were carried out on pure CoSb3 and Yb0.35Co4Sb12 samples. Wet 
mill with alcohol and Hexane will deteriorate the properties due to possible impurity 
residue on the boundary. For n type skutterudites, single filling with different rare earth 
elements was investigated and we found that Yb is better than the other fillers we tried.  
The double filling method was also carried out and to this point Ba and Yb double filled 
sample has a maximum ZT around 0.8. The In and Yb double filled sample has a 
maximum of 1.2. Different materials were mixed with Yb0.35Co4Sb12 in order to reduce 
the thermal conductivity through increased phonon scattering. Boron affects the 
thermoelectric properties, but ZT does not change. Most other impurities only increase 
the resistivity and Seebeck coefficient while fail to reduce the thermal conductivity, thus 
ZT actually decrease. For P type materials, substitution of Fe on Co sites and substitution 
of Sn and Te on Sb sites were tried, ZT is far less than 1.  
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Chapter 5   
Contact Issue of CoSb3 Based Skutterudites  
Thermoelectric (TE) modules are the key components for TE generators. Joining 
the TE material to the electrode is the key technique in the construction of a TE module 
for practical applications. In the past decade, TE modules using Bi2Te3, PbTe and SiGe 
have been well developed. Cu is used as the electrode material for Bi2Te3, Ni and Fe for 
PbTe [1], and C and W for SiGe [2] 
Ever since CoSb3 has been regarded as a novel thermoelectric material for power 
generation in middle temperature range, the issue of making contact for CoSb3 has 
become important and urgent. It is quite difficult. Conventional tin soldering is not 
suitable for joining the electrode and CoSb3 because of its low melting temperature. 
Based on what has been reported, only solid-solid contact using compression springs was 
adopted to solve the connection problem of CoSb3/electrode in CoSb3-based TE couples 
[3]. Mo was joined to CoSb3 through Sparkling Plasma Sintering (SPS) by inserting a Ti 
layer[4]. Mo-Cu was also joined to CoSb3 through inserting a Ti layer [5]. Ti was chosen 
as the intermediate layer because it has a thermal expansion similar to CoSb3 and can 
relax the thermal stress of the joint due to its high elastic modulus [5]. But an 
intermetallic compound TiSb layer will form and develop fractures under thermal 
stability aging test. This could deteriorate the contact.  
In this chapter, we first introduce some contact material selecting criteria and then 
present some of our preliminary experimental results on contact preparation. 
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5.1 Selecting Criteria of Contact Material 
To construct a TE module with high energy conversion efficiency and long 
duration, it is important that (1) All the contacts have negligible electrical resistance and 
thermal resistance which requires the electrode to have high electrical conductivity and 
thermal conductivity, (2) Flat and parallel end-faces to facilitate heat transfer and current 
transfer, to minimize the electrical and thermal resistance of the interface between the 
thermoelements and electrodes and (3) the joint should have high thermal duration 
stability and the thermal stress needs to be minimized.  
CoSi2 is known as a good electrical contact in the microelectronic industry. In 
Fig.5.1 shows the coefficients of thermal expansion of Yb filled N type skutterudites, Nd 
filled P type skutterudite, CoSi, CoSi2, and Co3Si. N-type sample1, sample2, P-type 
sample 1 and sample 2 are our samples. We found that the thermal expansion of CoSi2 
matches well with N type CoSb3. It is also easy to acquire. So we chose CoSi2 as the 
electrode.  
 
5.2 Experiment Details and Results 
 
5.2.1 Method 1 
CoSi2 powder (Sigma Aldrich, 99% purity) and n type CoSb3 powder was loaded 
in the graphite die as shown in Fig. 5.2. First a layer of CoSi2 powder was loaded in the 
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die, then n-type CoSb3 powder was loaded on top of the CoSi2, followed by another layer 
of CoSi2. All the three layers were pressed together at 700 oC for 5 minutes.  
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Fig. 5.1  Coefficient of expansion of n-CoSb3, p-CoSb3 and possible candidates of 
contact materials. 
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Fig. 5.2  Schematic plot showing how the powders are loaded in the graphite die. 
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The sample was cut into bars (cross section ~2×2 mm2) for testing. Before the 
resistance measurement, it had to be soldered to metal wire. Sn, Pb, Bi have been tried, 
and none of them wet with CoSi2. Fortunately, Ag brazes do wet with the electrode. The 
resistance profile across the CoSi2 and CoSb3 are shown in Fig. 5.3. After calculations, 
we found that ρTE=6.66×10-6 (Ohm m) and ρElectrode=2.12×10-6 (Ohm m). The resistivity 
of the electrode (CoSi2) was much higher than literature report (ρCoSi2=1.5-2×10-7 (Ohm 
m)). No contact resistance was observed, but this may be because the interface is not 
planar.  
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Fig. 5.3  Electrical resistance profile across the CoSb3-CoSi2 joint. 
 
The sample was also subjected to thermal a stability test. It was placed on a hot 
plate for several hours at 500 oC. SEM images were taken for samples before and after 
test.  
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Fig. 5.4  Microstructure of contact area before thermal stability test. 
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Fig. 5.5  Microstructure of contact area after thermal stability test. 
 
Comparing the microstructure before and after annealing, we find out: 1. Before 
annealing, the CoSi2 is very loose, which can explain why the resistivity of the electrode 
(CoSi2) was higher than in the literature. 2. The contact boundary of CoSi2 and CoSb3 is 
not flat, this is because all the layers are powders before press. 3. After test, many cracks 
formed, mainly in the CoSi2 Area.  
Based on the above, all the problems could be due to the looseness of CoSi2. It 
has a much higher melting point (1320 oC) than the press temperature. Increasing the 
press temperature will not help, because CoSb3 will decompose at 873 oC. Thus pressing 
the CoSi2 into bulk pellets and then pressing the pellets with CoSb2 powder might solve 
the problem.   
5.2.2 Method 2 
CoSi2 powders were compacted at 1050 oC, 1100 oC and 1200 oC. They were cut 
into bars. The bars were used to measure the temperature dependence of the resistivity 
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(Fig. 5.6). Also, density of the 3 samples was obtained through the Archimedean method 
and is shown in Table 2. 
 
 
 
Fig. 5.6  Temperature dependence of resistivity of CoSi2 pressed at above1050 oC. 
 
Another compacted CoSi2 pellet (at 1050 oC) was cut into 2 discs. The two discs 
were polished. Then they were put on the top and bottom of the CoSb3 powder in the die 
and were compacted together at 700 oC.  
From Fig. 5.6, all three samples had similar resistivity values from room 
temperature to 550 oC. The resistivity at room temperature is 2×10-7 ohm m, which is 
close to what the literature reported. As temperature increases, resistivity increases 
linearly.  Even at 550 oC, it is still around 6.0×10-7 ohm m, which is more than 10 times 
lower than the resistivity of n-type CoSb3 at the same temperature. It further proved to be 
a good candidate for making electrodes for n-type CoSb3. 
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CoSi2 Sample ID Compact temperature (oC) Density (g/cm3) 
Sample 1 1050 4.897 
Sample 2 1100 4.908 
Sample 3 1200 4.929 
Table 2  Density of CoSi2 compacted at different temperature. 
 
From Table 2, it is obvious that the density increases with higher compact temperature. 
The resistance profile across the CoSi2 and CoSb3 are shown in Fig. 5.7. The 
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Fig. 5.7  Resistance profile across the CoSi2 and CoSb3. 
 
resistivity calculated for n-CoSb3 is ρn-CoSb3 =7.3×10-6 (ohm m) and the resistivity for 
CoSi2 is ρelectrode=1.77×10-7 ohm m). Resistance for the contact area is on the order of 
10-5 ohm.  
Thermal stability testing was also done on the sample on 500 oC for hours. Shown 
in Fig 5.8 and 5.9 are the microstructures before and after thermal stability test 
respectively. 
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Fig. 5.8  Microstructure of CoSb3-CoSi2 contact area. 
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Fig. 5.9  Microstructures of the CoSb3-CoSi2 contact area after thermal stability test 
 
From above SEM images, it is obvious that there are still some cracks forming 
after the thermal test. But the situation is already much better than the method 1. The 
cracks were much less severe and only visible under SEM. And they were mainly 
localized on the boundary of CoSb3 and CoSi2. The CoSi2 is still not 100% dense, even 
when  polishing the samples, holes were observable in the CoSi2 part，which means the 
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press temperature of CoSi2 (1050 oC) was still too low and needs to be increased. The 
composition of the cracked area is analyzed with EDX, and shown in Fig. 5.10. 
 
 
Fig. 5.10  EDX analysis of the CoSb3-CoSi2 area with crack. 
 
The EDX component analysis further proved that the crack happened at the 
CoSb3-CoSi2 boundary area, and there might be some diffusion of Sb or Si. 
5.3 Summary 
In this chapter, two methods of making CoSi2 electrode contact with n type CoSb3 
were investigated: (1). Pressing CoSi2 powder with n-CoSb3 powder directly. (2). 
Pressing CoSi2 into bulk discs first, then pressing the discs with n-CoSb3 powder. The 
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second method worked well. The CoSi2 electrode had a low resistivity of ~2×10-7 ohm m, 
and the contact resistance was around 10-5 ohm. After the thermal stability test, cracks 
developed along the boundary between CoSb3 and CoSi2, but to a much lesser degree 
than method 1. The problems might be solved by either pressing the CoSi2 at an even 
higher temperature to make it 100% dense, or by using some buffer layer between CoSb3 
and CoSi2. 
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Chapter 6   
ZnO Nanowire Growth and Properties 
6.1 Introduction 
One dimensional nanoscale materials have attracted much attention because of 
their importance in basic scientific research and potential applications in technology. 
They are ideal systems for investigating the dependence of electrical transport, optical 
and mechanical properties on size and dimensionality. It is promising that they will be 
used as interconnectors and fundamental components in nanoscale electronic and 
optoelectronic devices [1]. Many novel properties have been proposed on these kind of 
materials, such as superior mechanical toughness, higher luminescence efficiency, 
enhancement of thermoelectric figure of merit and lowered lasing threshold.   
Various methods have been explored to grow one dimensional nanoscale 
materials, including vapor-phase transport [2-3], chemical vapor deposition[4], arc 
discharge [5], laser ablation [6-7], solution [8-9], and a template based method [10].    
Most of those works have been focused on the semiconducting materials, such as 
Si, Ge, GaN, GaAs. ZnO is one of the semiconductors that has been widely investigated 
as a short-wavelength light-emitting, transparent conducting and piezoelectric material. It 
is also a wide bandgap (3.37 eV) semiconductor. For wide band gap semiconductors, a 
high carrier concentration is required to reach the optical gain that is high enough for 
lasing action in the electron hole-plasma (EHP) process. This process is the common 
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mechanism in laser diode operation. An alternative to EHP, excitionic recombination is  a 
much more efficient radiative process and can facilitate low-threshold stimulated 
emission. Since ZnO has a large exciton binding energy (60 meV), which is 2.4 times that 
of the room-temperature thermal energy (25 mev), ZnO is a good candidate for room 
temperature ultraviolet lasing. Nanostructure is expected to further lower the threshold 
because quantum effects will result in a substantial density of states at the band edges and 
enhanced radiative recombination due to carrier confinement. Room temperature 
ultraviolet lasing has been demonstrated in well-orientated vertical ZnO nanowires with a 
lasering threshold of 40 kW/cm-2 [11]. ZnO also is good piezoelectric materials. 
Conversion of mechanical energy into electric power has been realized through aligned 
ZnO nanowires[12]. Also n-type ZnO has favorable band energies for forming 
heterojunctions with hole conducting polymers and can be grown as nanorod arrays with 
the appropriate dimensions for efficient nanorod-polymer solar cells [13]. 
Ever since the report of a successful synthesis of zinc oxide (ZnO) nanobelt [14] 
and nanowires [15], there have been extensive efforts on synthesis, characterization and 
applications of ZnO-related nanostructures [16]. A variety of morphologies of ZnO have 
been reported including nanobelts, nanowires, single-crystal nanorings [17], nanohelices 
[18], Hierarchical nanostructures [19,20], complex film morphologies made of oriented 
nanocolumns and nanoplates [21], nanobridges and nanonails [22], nanoneedles[23], 
tetrapods and comb structures [24,25]. Even though reports on production of large 
quantities are also abundant [26-28], there has not been a truly simple practical procedure 
that is capable of producing ZnO nanowires in any morphology in many grams quantity. 
A previous report [26] from our group on large quantity production involves an oxidation 
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process to remove the graphite support that was used to increase the yield, which not only 
shortens and sharpens the end of the nanowires but also changes the electrical and optical 
properties due to the extra oxygen incorporated during the oxidation process.I In this 
chapter, we report a truly simple procedure capable of producing many grams of ZnO 
nanowires, which involves use of table salt (sodium chloride, NaCl). The salt was 
completely removed by a few water soaks and rinses, which did not change any of the 
electrical and optical properties. 
 
6.2 Growth Mechanisms of ZnO Nanowire 
The mechanism of vapor growth falls into two category: Vapor-liquid-solid 
method (VLS) [29] and Vapor-solid method (VS) [26]. For the growth experimental set-
up, a temperature gradient is needed in a tube furnace, and a flowing gas is necessary for 
transport of the material. 
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Fig. 6.1  VLS mechanism of ZnO nanowire growth. 
 
The schematic plot of VLS method is shown in fig. 6.1. It has been widely used in 
semiconductor nanowire growth. Oxide nanowire growth through this mechanism might 
be complicated due to the presence of oxygen. The process is accompanied by a catalyst 
(usually Au for ZnO nanowire). When the furnace temperature reaches the eutectic point 
of the catalyst and Zn, Zn vapor will be absorbed into a droplet of a catalyst to form a 
liquid alloy. As the droplets become supersaturated, the Zn begins to precipitate and react 
with oxygen source to form crystalline ZnO nanowire. The liquid alloy clusters serve as a 
preferential site for absorption and supersaturation of the reactant to form nanowires. The 
growth will persist as long as the catalyst remains liquid and continuous vaporized source 
is supplied. Observation of the catalyst particles at the end of the nanowire is a clear 
indication of VLS growth mechanism.   
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Fig. 6.2  VS mechanism of ZnO nanowire growth. 
 
Shown in Fig. 6.2 is the schematic plot of VS mechanism without any catalyst at 
present. In the high temperature region, Zn and Zn sub-oxides are produced and 
vaporized. They will be carried through inert gas to the low temperature region, where 
they condense and form nuclei for ZnO nanowire growth.  
 
6.3 Experiment Details 
The process is based on a thermal evaporation of metallic zinc powder mixed with 
NaCl powder in a tube furnace at 600-700oC for 2 hours with flowing gases of oxygen 
and argon. Experiment setup is shown in Fig. 6.3.  1g Zn and 3g NaCl powders were 
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ground and mixed thoroughly before loading into a quartz boat. Then the boat was placed 
in the temperature region of 600-700oC inside an alumina tube of a horizontal tube 
furnace and pumped by a rotary pump. As soon as the pressure is below 0.5 Torr, the 
power is turned on and the temperature starts to rise, and the flowing gases of argon (25 
sccm) and oxygen (20 sccm) are introduced. The vacuum in the alumina tube was kept at 
2 Torr during the whole growth period. The center of the furnace was set at 800oC to 
establish a temperature gradient at where the mixture of Zn and NaCl was located. The 
growth normally takes about 2 hrs before it is stopped and cooled down to room 
temperature. 
 
Alumina Tube
Heating Element
Quartz Boat
To PumpFlowing  Gas 
Ar and O2
Mixture of Zn and Nacl
 
Fig. 6.3  Schematic plot of experiment set-up. 
6.4 Morphology of the ZnO Nanowire 
After the samples were taken out, we carried out morphology studies including 
the length and diameter by scanning electron microscope (SEM), crystalline structure 
studies by transmission electron microscope (TEM) and x-ray diffraction (XRD). 
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Fig. 6.4 shows the SEM images of the nanowires in low (a, d), medium (b, e), and 
high (c, f) magnifications. During the SEM examinations, we found there are mainly two 
kinds of morphologies: ball- and rectangular-like nanowire clusters grown from 
microparticles shown in Fig.6.4a and flower-like nanowire clusters grown from a 
nanoparticle shown in Fig.6.4d. Figs.6.4b and 6.4e show a single ball-like nanowire 
cluster and a flower-like nanowires cluster, respectively. From the low magnification 
images (6.4a, 6.4d), we can clearly see that the ZnO nanowires are about 5-10 μm in 
length. High magnification images in Figs. 6.4c and 6.4f clearly showed that the 
diameters of these nanowires are about 50-200 nm.    
Fig. 6.5 shows the TEM images of the as-grown ZnO nanowires. Fig. 6.5a shows 
a low magnification TEM image of the ZnO nanowires. It indicates that the ZnO 
nanowires are quite straight and have relatively uniform diameters along their lengths. 
The diameters are about 100 nm, which is consistent with the SEM observations. The 
energy dispersive X-ray spectrum (not shown here) recorded from a single ZnO nanowire 
indicates the only presence of only Zn and O, which shows that NaCl was not 
incorporated into the ZnO nanowires, but only acted as the support. Fig.6.5b shows the 
typical high resolution TEM image of the ZnO nanowires. The clear fringes indicate that 
the nanowires are single crystals. The lattice fringe spacing is about 5.12 Å, 
corresponding to the (0001) plane of the wurtzite structure, and the growth direction is 
[0001], perpendicular to the (0001) plane. 
XRD was used to study the crystalline phases. Fig. 6.6 shows the XRD spectra of 
the as-grown and cleaned samples. It is clearly shown that there are two phases in the as-
grown sample: ZnO and NaCl, whereas only ZnO exists in the cleaned sample. The 
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spectra match well with the wurtzite structure of ZnO. The water soak and rinse to 
completely remove the NaCl is much simpler than the oxidation procedure in which 
graphite flakes were used as the support [26], which makes this process very scalable to 
industrial production of many grams of ZnO nanowires. 
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Fig. 6.4  SEM images of ZnO nanowires at low (a, d), medium (b, e), and high (c, f) 
magnifications. Images (a, b, c) are for the ball-like nanowire clusters and (d, e, f) are 
flower-like nanowire clusters. 
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Fig. 6.5  TEM images at low magnification (a) and crystal lattice image (b) of ZnO 
nanowires. The growth direction of [0001] and the spacing between (0001) planes are 
indicated in (b). 
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Fig. 6.6 X-ray diffraction spectra of the as-grown (bottom) and NaCl-free (top) ZnO 
nanowires. The ZnO nanowires are indexed with the wurtzite structure and the NaCl 
crystals are also indexed. 
6.5 Photoluminescence of the ZnO Nanowire 
Photoluminecence spectra were measured and shown in Fig. 6.7 for both the as-
grown (filled circles) and cleaned samples (open circles). The excitation source was 325 
nm. Strong emission was observed in the visible frequency range only, not in the 
ultraviolet (UV).  This indicates that the surface states of the ZnO nanowires dominate 
the emission when this production technique is used. It is also demonstrated that cleaning 
the ZnO nanowires with water did not significantly alter the optical properties. However, 
it is not clear why the growth technique suppresses the UV emission, which is under 
further study. 
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Fig. 6.7  Photoluminescence spectra of the as-grown (filled circles) and NaCl-free (open 
circles) ZnO nanowires. The excitation source was 325 nm. 
 
6.6 Results and Discussions 
We conducted comparative experiments without NaCl and also with other 
inorganic salts such as sodium carbonate (NaCO3) in order to understand the role of NaCl 
in the formation of large quantities of ZnO nanowires. Without NaCl, only a small 
amount of well-aligned ZnO nanorods were produced (about 5-10% conversion of Zn 
into ZnO, much smaller than the 70-80% when NaCl was used. The conversion 
percentage was calculated as: total mass of ZnO nanowires collected after drying divided 
by that of ZnO corresponding to the Zn powder used).  This is shown in Figs. 6.8a and 
6.8b in low and high magnification SEM images, respectively.  Neither the ball- nor 
flower-like clusters were observed. When NaCO3 was used, there was no ZnO nanowire 
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growth at all, indicating the mechanism that the NaCl crystals played in the growth 
process of ZnO nanowires.  
Based on the morphologies of the ball- and flower-like nanowires clusters, we 
propose the possible growth mechanism when NaCl was used. With temperature 
increased above the melting point of Zn, the Zn starts to evaporate and deposit on the 
surface of NaCl as ZnO film/islands under the flowing oxygen gas. The ZnO film/islands 
became the perfect sites for the subsequent growth of ZnO nanowires [13]. It is 
reasonable to assume that the NaCl particles size and shape determines the final ZnO 
nanowires cluster size and shape. During the grinding of the mixture of Zn and NaCl, 
some of the NaCl particles were ground into either cubes or rectangular bars or 
nanometer particles that were the substrates for the subsequent growth of the ball- and 
flower-like nanowires clusters.  
 
 
 
Fig. 6.8  SEM images at low (a) and high (b) magnifications of ZnO nanowires grown 
from Zn powder without using NaCl. 
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6.7 Summary 
In summary, we have found that NaCl is very useful as the support to promote the 
conversion of Zn powder into ZnO nanowires in gram quantities with a conversion rate of 
70-80%. This should be compared to 5-10% conversion in the case where NaCl is not 
used, and no growth of ZnO nanowires occurs at all when NaCO3 was used. The NaCl 
crystals in the product were completely removed by soaking the mixture in water and 
rinsing a few times, verified by x-ray diffraction spectra. The ZnO nanowires are highly 
crystallized single crystals with diameters of 100 nm, and lengths of a few μm. They 
demonstrate very strong photoluminescence in the visible frequency range.  
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Summary 
 
In conclusion, CoSb3 with small grains has been successfully obtained with high 
thermoelectric performance. The maximum ZT obtained so far was around 1.2. This 
improved ZT can lead to new applications such as solar thermoelectric energy conversion 
and waste heat recovery especially in middle temperature region.  
The samples are synthesized through our ball milling plus hot press method. 
Chunk component elements are mixed and ball-milled for a certain number hours under 
Ar atmosphere. The powders are only partially alloyed even after 20 hours of ball-mill. 
Fortunately, the DC controlled hot press can promote the transformation. After pressed 
above 500 oC, only single phase CoSb3 can be detected through X-ray diffraction of the 
sample.   
The effects of the synthesis conditions on the properties of pure CoSb3 were 
investigated. A longer time ball-mill improved the electrical conductivity without 
affecting the Seebeck coefficient. Thermal conductivity decreased with a longer time 
ball-mill. This is mainly due to the grain size reduction.   Several methods of improving 
the thermoelectric performance of n-type CoSb3 based skutterudite were investigated: 
(1).Single and double filling with alkaline earth and rare earth elements. Yb has proved to 
be more effective in reducing thermal conductivity when compared to Nd and La. For 
YbxCo4Sb12 (x=0.3, 0.35, 0.4, 0.5), the increased Yb concentration in our samples not 
only enhanced the power factor due to a better electron doping effect but also decreased 
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the thermal conductivity due to a stronger rattling effect. In addition, the increased grain 
boundary density per unit volume due to the small grains in our bulk skutterudite 
materials may have also helped to enhance the phonon scattering and thus to reduce the 
thermal conductivity to some extent. The composition Yb0.35Co4Sb12 was found to be 
optimal for achieving a peak ZT value of about 1.2 at 550 °C.  Ba and Yb double filled 
sample has a maximum ZT around 0.8, and the In and Yb double filled sample has a 
maximum of 1.2. (2). Different material powders were mixed with Yb0.35Co4Sb12 in order 
to reduce the thermal conductivity through increased phonon scattering. Boron affected 
the properties, but ZT did not change. Most other impurities only increased the resistivity 
and Seebeck coefficient while not reducing the thermal conductivity, and ZT actually 
decreased. (3). A small percentage of Sb was substituted with Fe/Mn to tune the carrier 
concentrations, which only lead to a decrease of the power factor. P type skutterudites 
were obtained through substitution of Fe on a Co site and substitution of Sn and Te on Sb. 
Their ZT was less than 1. 
Two methods of making CoSi2 electrode contact with n type CoSb3 were 
investigated: (1). directly pressing CoSi2 powder with n-CoSb3 powder. (2). Pressing 
CoSi2 into bulk discs first, then press the disc with n-CoSb3 powder. The CoSi2 electrode 
had a low resistivity of ~2×10-7 ohm m, and the contact resistance was around 10-5 ohm 
for the second method. Cracks developed along the boundary between CoSb3 and CoSi2 
after a thermal stability test. The problems might be solved through either pressing the 
CoSi2 at even higher temperature to make it 100% dense, or using a buffer layer between 
CoSb3 and CoSi2. 
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ZnO is a wide band-gap semiconductor widely investigated as a short-wavelength 
light-emitting, transparent conducting and piezoelectric material. A high throughput 
method of growing ZnO nanowire was carried out with NaCl as the support to promote 
the conversion of Zn powder into ZnO. The ZnO nanowires are highly crystallized single 
crystals with diameters of 100 nm, and lengths of a few μm. They demonstrate very 
strong photoluminescence in the visible frequency range.  
 
 
 
 
 
